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Abstract
In Ultra-Wideband (UWB) wireless system, considerable research efforts have been
put into the design of UWB antennas and communication systems. These UWB an-
tennas are essential for providing wireless wideband communications based on the use
of very narrow pulses on the order of nanoseconds, covering a very wide bandwidth in
the frequency domain and over very short distance at very low power densities. Also
it is well known that, in traditional narrow-band communications, multiple antenna
systems offer attractive aspects in wireless communication by means of Multiple-Input
Multiple-Output (MIMO) techniques. These techniques either give out high channel
capacities through spatial multiplexing, or offer an increase of link robustness. The
present work deals with four new compact broadband antennas, suitable for portable
applications are designed and characterized, namely- octagon shaped monopole, semi-
circular disk monopole, semi-octagon shaped diversity, semi-circular diversity. The
performances of these designs have been studied using standard simulation tools used
in industry or academy and experimentally verified. One of the major contributions
of the thesis lies in the analysis of the frequency and time-domain response of the de-
signed UWB antennas to confirm their suitability for portable pulsed-UWB system.
A technique to avoid narrow band interference by etching narrow slot resonators on
the antenna is also proposed and their effects on a nano-second pulse have been in-
vestigated.
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Introduction
1.1 Introduction
Ultra-wideband (UWB) technology is one of the most promising technologies for high
data rate wireless communications(≥ 100Mbits/s in 15m distance), high accuracy
radars application and imaging systems. Compared to conventional broadband wire-
less communication systems, the UWB system operates with an extremely wide band-
width in the microwave band along with a very low emission limit. Due to the system
features and unique applications, antenna design for UWB has a variety of challeng-
ing issues such as broadband response in terms of impedance, gain, radiation patterns
as well as small or compact physical size. This chapter discusses the antenna design
issues in UWB systems. Firstly, the UWB technology and regulatory environment
are briefly introduced, followed by a review of antenna in UWB system. Finally, a
description of the stimulus behind the current investigations is presented.
1.2 UWB Technology
UWB is a wireless technology for transmitting digital data over a wide spectrum with
very low power and has the ability to carry huge amounts of data over short distance.
The Shannon’s equation shows that increasing channel capacity ‘C’ demands a linear
increase in bandwidth with signal to noise ratio (SNR) remaining constant.
C = B ∗ log2(1 + SNR) (1.1)
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Equation (1.1) illustrates that the transmission data rate can be raised by enhancing
the bandwidth or SNR. SNR can be general improved by increasing signal power.
Nevertheless, the signal power cannot be increased as many portable devices are
powered by battery and potential interference with other radio systems should also
be suppressed. Therefore, bandwidth enhancement is the solution to realize a higher
data rate. Relation among transmitted power, received power and distance in free
space is given in (1.2)
d ∝
√
pt
pr
(1.2)
where ‘d’ denotes the distance, ‘pt’ the transmitted power and ‘pr’ the received power.
Equations (1.1) and (1.2) together suggest that, it is more efficient to achieve higher
capacity by increasing the bandwidth instead of power, but it is equally difficult
to achieve in longer transmission range. Thus, UWB has been primarily designed
for high data rate technology with short transmission range systems. In 2002, the
United States Federal Communications Commission (FCC) adopted the first report
that validated the commercial operation of Ultra Wideband (UWB) technology [1].
The intention was to provide efficient use of frequency spectra for short-range high
data-rate Wireless Personal Area Network (WPAN). It was also envisioned to pro-
vide long-range low data-rate wireless connectivity applications along with radar and
imaging systems as shown in Table 1.1
Table 1.1: Frequency range for various types of UWB systems under -41.3dBm EIRP
emission limits
Applications Frequency range(GHz)
Indoor communication systems 3.1-10.6
Ground-penetrating radar, wall imaging 3.1-10.6
Through-wall imaging systems 1.61-10.6
Surveillance systems 1.99-10.6
Medical imaging systems 3.1-10.6
Vehicular radar systems 22-29
UWB signal occupies extremely large bandwidth where the Radio Frequency (RF)
energy spreads over enormous spectrum. It’s spectrum is wider than any incumbent
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narrow band wireless systems in terms of magnitude and its emitted power. If the
full 7.5GHz band allocated for UWB is optimally utilized then the maximum achiev-
able power to UWB transmitters is limited to 0.556mW. This is barely a fraction of
available transmitted power in the Industrial, Scientific and Medical (ISM) bands,
like the Wireless Local Area Network (WLAN). This effectively confines the UWB
scheme to indoor and short-range communications at high data rates or mid-range
communications at low data rates. Applications, such as wireless Universal Serial Bus
(USB) and Wireless Personal Area Network (WPANs) have been proposed spreading
across hundreds of Mbps to several Gbps data rates with a coverage distance ranging
from 1 to 4 meters [2]. For ranges beyond 20 meters, the achievable data rate by
UWB is inferior for existing WLAN systems.
1.2.1 Antenna for UWB systems
With the advancement of UWB communications, there have been considerable re-
search carried out in evaluation of effectiveness of UWB antennas for commercial
applications [3]. Historically, there have been three different classes of broadband
antennas. The first is the DC-to-daylight class. These antennas are designed to have
maximal bandwidth. Typical applications include ground penetrating radars, field
measurement or electromagnetic compatibility radar and impulse radar. The design
goal of these antennas is to receive as wide spectrum as possible.
Horn antennas: A horn antenna is an electromagnetic funnel directing energy in a
particular direction [4]. Horn antennas have high gain and relatively narrow beams.
However, they tend to be larger and bulkier. These antennas are well suited for point-
to-point communication applications where a narrow beam width is required.
Reflector antennas: Reflector antennas direct energy in a particular direction similar
to horn antennas. Reflector antennas are generally easier to modify and adjust by
manipulating the feed. Examples of these include the Hertz’s parabolic cylinder re-
flector [5].
Frequency-independent antennas: Frequency independent antennas are based upon a
variation in geometry from a smaller to a larger scale portion [6]. The smaller scale
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portion contributes to higher frequencies while the larger one contributes to lower fre-
quencies. Practically, the effective source of the radiated fields varies with frequency,
giving a disperse behavior. Examples of this type of antenna are the spiral antenna,
log periodic antenna and conical spiral antennas.
Small antennas: Small antennas tend to be small, omnidirectional or quasi omnidi-
rectional. Examples include the Lodge’s biconical antenna [7] bow tie antenna, and
diamond dipole [8].
The growing significance of UWB communication, encouraged researchers to in-
vestigate on small antennas, since in many applications the antenna has to be small
enough to be integrated into portable devices. Two families of compact antennas have
emerged to provide this solutions. The first originated from biconical antennas, but
in planar configuration which includes bow-tie, diamond, circular and elliptical disc
dipoles. The second one originated from the development of monopole elements. A
number of UWB monopole based upon different planar elements like circular, square,
elliptical etc, have been demonstrated to provide UWB characteristics. According
to classical resonating theory, these kinds of antennas is no more suitable. Schantz
et.al suggested the dipole mode and high-order modes to account for the operation of
UWB planar antennas [9].
1.2.2 UWB antenna parameters
Depending on the application, UWB antenna parameters for frequency or time do-
mains can be selected. Inverse Fourier transform is used to switch from the frequency
domain to time domain. The following are the important parameters of UWB an-
tenna.
Peak value of the impulse response P(θ, φ) is the maximal value of the strongest peak
of the antenna transient response.
Pulse width is a measure of describing the broadening of the radiated impulse. This
value is limited to a few hundred picoseconds in order to ensure high data rates in
communication.
Ringing (τr) is an undesired effect in UWB antenna. The energy storage or multiple
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reflections in the antenna result in oscillation of the radiated pulse after the main
peak. This energy is of no use and lowers the peak value. The duration of ringing
(τr) is expressed as the time until the pulse amplitude has fallen from the peak value
to below a certain lower limit α. The ringing is expressed in nano seconds (ns) and
should be small, i.e. less than a few pulse widths.
Group delay (τg) quantitatively evaluates the disperse performance of the antenna. It
is defined in frequency domain as in (1.3)
τg(ω) = −dψ(ω)
d(ω)
= −dψ(f)
2πdf
(1.3)
Fidelity of an antenna is a measure of how accurately the received voltage available
at the antenna terminal reproduces the behavior of transient field incident upon the
antenna. For the transmitting, it is a measure of how accurately the time integral of
the transmitted field reproduces the behavior of the voltage applied to the antenna
terminals. It is to be noted that the antenna fidelity is waveform specific; i.e, an
antenna may provide a high-fidelity reproduction for some waveforms and be unable
to provide equivalent fidelity for many other waveforms [10].
1.3 Planar Monopole Antenna
Figure 1.1: Geometry of a monopole antenna
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When one arm of the dipole is replaced with a large ground plane, the new ar-
rangement is a monopole antenna as shown in Figure 1.1. If the ground plane is
large enough, the monopole radiation matches the dipole radiation behavior, since
the ground plane acts as electric mirror and creates the other half. A monopole an-
tenna is inherently unbalanced. Hence, it is suitable to be connected directly to the
center conductor of a coaxial cable and grounded to the outer shield. Comparing with
the dipole, just half of the power is radiated above the ground in terms of radiation
resistance and directivity respectively.
The demand for broadband antennas that are capable of supporting high data
speeds and multiband operations for modern wireless communication systems have
increased significantly. These systems need low cost solutions with desired perfor-
mance in terms of impedance bandwidth, polarization and gain. Planar antennas
play an important role in various wireless communication applications due to their
unique merits, such as small volume, low manufacturing cost and easy integration
into planar circuits.
Figure 1.2: Printed square monopole antenna
With respect to radiation performance, the planar antennas can usually be cate-
gorized in terms of radiation performance into microstrip patch antenna, suspended
plate antenna (SPA), planar inverted antenna and planar monopole antenna [11,12].
Generally, the changes in such antenna design are made in terms of specific require-
ments of applications. The microstip patch antenna, in its basic form has a low profile.
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Due to conformal design, it suffers from narrow impedance bandwidth. In contrast,
the planar monopoles usually have a high profile above a ground plane with broad
bandwidth. The geometry of a monopole antenna is depicted in Figure 1.2.
Considering the antenna profile, impedance and radiation performance, the SPAs
is a good option for fixed base stations in wireless communication systems, whereas
planar monopole is more suitable for mobile wireless terminals. A variety of techniques
have been developed to further enhance the broadband performance of the SPAs and
planar monopoles. Due to the merits of acceptable performance, low profile and
particularly low manufacturing cost, the SPAs and planar monopoles have been widely
applied to high-speed wireless communication systems.
1.3.1 UWB multiple antennas
The use of multiple antennas are derived from the theoretical works done by Winders
et al [13], Foschine et al [14]. The original idea was to use multiple antennas at
both receiver and transmitter sides to increase the capacity of the wireless channel.
Consequently, there was a growing interest towards the development of codes and
schemes to enable the systems to approach the limit. On the other hand, works by
Tarokhe et al [15], and Alamouti et al [16] on space-time block coding, demonstrated
the possibility to obtain transmit diversity without channel state information at the
transmitter and boosted research in that direction.
An important stimulus was given by the researches at Bell Laboratories on layered
space-time techniques [14], showing high spectral efficiency. When multiple anten-
nas are employed at both receiver and transmitter, Multiple-Input Multiple-Output
(MIMO) systems come into picture. Single Input Single-Output (SISO) is the usual
configuration with one antenna at both ends. Single-Input Multiple-Output (SIMO)
uses a single transmitting antenna and multiple receiving antennas. Multiple-Input
Single-Output (MISO) employs multiple transmitting antennas and a single receiv-
ing antenna as shown in Figure 1.3. Single Input Single-Output (SISO) is the usual
configuration with one antenna at both ends. Single-Input Multiple-Output (SIMO)
uses a single transmitting antenna and multiple receiving antennas. Multiple-Input
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Figure 1.3: Multiple antennas configuration
Single-Output (MISO) employs multiple transmitting antennas and a single receiving
antenna as shown in Figure 1.3.
1.4 Challenges in Antenna Design
Modern wireless communication industry is advancing rapidly since all the communi-
cation systems are integrating multiple applications, such as WLAN, Bluetooth etc,
and large number of hand held devices are being introduced. In the near future, most
of the wireless protocols will be employed in the mobile devices. Antenna isolation is
a very difficult problem to solve due to close proximity between the antennas in space
limited devices, particularly in MIMO devices.
Another challenge is the availability of space in a mobile device. In order to
overcome this challenge, there is need for multiband designs with consistent radia-
tion patterns, efficiency and polarization over the wide frequency band. Generally,
most of the multiband antennas meet the return loss requirements but the radiation
performance degrades at higher frequency ranges. Electronically tunable antennas
have been potential solution for application areas like DVD-H. Antenna planning and
placement is another challenge, which involves selection and placement of antenna
efficiently in a system by considering both electrical and mechanical requirements.
The UWB antennas are used for short range application and cannot be as highly effi-
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cient as the WiMax and WLAN antennas and can be fabricated as a low-efficient chip
antenna. The WiMax and WLAN antennas should provide much higher efficiency
since they have long range application and in most of the cases, there should have
certification from the service provider.
Ground plane of the antenna plays an important role in its design. The ground
plane is generally symbolized as the return path for the current in the patch. In case
of whip antennas, the ground plane can be treated as the other half of the dipole to
the antenna.
In case of large antennas, the challenge in design is to realize ultra-low side-lobes
and to reduce electromagnetic interference. The modeling of the large antennas to
predict its performance is another difficult task. Currently, commercial softwares
are quite limited in their ability to handle the structures which require a problem
description with a very large number of meshes because of their complexity, multi-
scale characteristics and homogeneous nature.
1.5 Motivation
With the growing demand of high speed data transfer and internet access, the com-
munication systems with wideband applications are becoming more prevalent. The
motivation for the proposed work comes from the need of compact, highly efficient,
low cost antenna suitable for broadband operation. The diversity antenna design for
portable devices in consumer electronics such as PCs and mobile devices will be chal-
lenging due to the space constraint. It is essential to maintain low mutual coupling
when the antenna elements are placed in close proximity to each other and stable
radiation performance across a broad operating bandwidth. The interference between
wideband devices with other existing narrow band communication networks can be
sorted by implementing filters to notch out the required frequency bands. However,
since additional filters would increase the size of the devices, embedded filter on the
antenna is preferred. To meet some of these challenging demands, this thesis work
promotes the study and design of planar antennas. The aim of the thesis is to inves-
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tigate the requirements for a wide band behavior of compact planar antenna designs.
This work looks at the wideband performance of the monopole and diversity antennas
in detail. Several designs using commercially available microwave substrates are pro-
posed that could be successfully implemented in consumer electronics applications. It
is important to characterize the designed UWB antennas in terms of their transient
performances.
1.6 Problem Statement
With the motivation mentioned in section 1.5, we take up the problem for the doctoral
research, which is stated as follows:
To design and develop
(i) Planar broadband monopole antennas,
(ii) Planar diversity antennas,
(iii) Planar antennas with time domain characteristics,
for UWB applications.
1.7 Thesis Organization
Chapter 1 of this thesis presents an overall introduction to UWB systems and discusses
scope of research in field of antennas for UWB. Finally, a description of the stimulus
behind the present investigations is presented and this chapter concludes with the
details of the organization of the present thesis.
Chapter 2: This chapter is devoted to the literature on the present work. Recent
development of UWB technology, review on monopole and diversity antenna for UWB
applications are discussed. Finally, the chapter is summarized in Section 2.5.
Chapter 3: In this chapter, two novel compact designs of planar monopole antennas
are presented. These antennas perform well in terms of its impedance matching
and gain, over a wide band and easily comply with the FCC UWB frequency band.
The operating principle of the antenna is addressed based on the investigation of
the antenna performance and characteristics. A technique to prevent Narrow Band
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Interference (NBI) is also discussed. Experimental results in the frequency domain
are presented followed by conclusions.
Chapter4: The frequency domain performance of planar diversity antennas are
detailed in this chapter. The diversity characteristics of the proposed antenna evalu-
ated by envelope correlation coefficients are computed from the reflection coefficient
values. The antenna structure is compact and performs well over UWB frequency
band. The inverted L-shape stub and Complementary Electric Inductive-Capacitive
(CELC) resonator are introduced in the radiator without changing the patch size for
notched narrow frequency band.
Chapter 5: This chapter investigates the influence of the antenna on radiation of
a UWB pulse to confirm its suitability for Indoor-UWB applications. The transfer
function measurements are performed for both the face to face and side by side plane
and their impulse responses are deduced. From the impulse responses, parameters
such as Full Width Half Maximum (FWHM) and ringing are computed and compared.
The influence of the antenna on pulse transmissions is evaluated by convolution of
the impulse response with a UWB pulse. The time domain distortion for the different
designs is then characterized in terms of mathematically tractable parameter like
fidelity.
Chapter 6: This chapter presents the summary and conclusion of the overall work,
brief descriptions as well as the scope for future investigations are also sketched out. In
the Appendix, the methodology for developing the antennas, Viz. Simulation studies;
fabrication and measurement done with the test set up are discussed.
1.8 Summary
This chapter provides a brief introduction to UWB technology and planar antennas.
This chapter also systematically outlines the motivation behind this work and the
problem statement of the thesis. A concise presentation of research work carried out
in each chapter has been dealt with. In essence, this chapter provides an overview of
the thesis in a comprehensive manner.
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Planar Ultra WideBand Antennas: A
state-of-the-art
2.1 Introduction
Microstrip patch antennas in their basic forms are considered as narrow band antenna
(bandwidth typically between 1% to 10%). This essentially limits the application of
this type of antenna. For this reason, much effort has been devoted to the develop-
ment of broadband techniques. The techniques can be categorized in to two main
groups: Impedance matching techniques and introduction to multiple resonances. By
incorporating broadband impedance matching technique between the antenna and the
feed line, a good matching over a broad frequency range can be attained. The match-
ing network can be a quarter-wavelength impedance transformer, tuning stubs, active
components and many more combinations [17]. Alternately, if closely distributed res-
onances are well excited simultaneously, the bandwidth can be enhanced. The simple
configuration based on this approach would be the use of multiple parasitic elements
to add extra resonant path and therefore increase the bandwidth [18].
UWB antennas are the key components of the UWB systems. They have re-
ceived significant attention from research in recent years. With increasing popularity
of UWB systems, there have been breakthroughs in the design of UWB antennas.
Due to their wide frequency impedance bandwidth, simple structure, easy of fab-
rication on printed circuit boards (PCBs) and Omni-directional radiation patterns
there has been a breakthrough in the design of UWB antennas. PCB versions of
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planar monopole antenna are considered to be promising entrant for the applications
of UWB communication. However, there are several existing narrow band communi-
cation systems operating below 10.6GHz in the same UWB frequency band and may
cause interference with the UWB systems such as IEEE 802.11a WLAN systems or
HIPERLAN/2 wireless systems or WiMAX wireless systems. These systems operate
at 3.5GHz or 5.15GHz-5.825GHz which may cause interference with a UWB system.
To avoid the interference with the existing wireless systems, a filter with bandstop
characteristics may be integrated with the UWB antennas to achieve a notch function
at the interfering frequency band.
This chapter discusses the background information and literature review related
to the planar antennas for UWB applications. This chapter is organized as follows.
Section 2.2 presents a brief introduction on planar UWB antenna. Section 2.3 gives
detail information related to the band notch antennas. Various diversity antennas are
reviewed in Section 2.4, followed by a summary in Section 2.5.
2.2 Planar UWB Antenna
In 1898, Oliver Lodge had developed spherical dipoles, square plate dipoles, bi-conical
dipoles and bowtie dipoles [7] and had introduced the concept of a monopole antenna
with earth as the ground. A renewed interest in the wide band antennas led to the
rediscovery of biconical and conical monopoles by carter in 1939 [19]. Carter improved
upon Lodge’s original design by incorporating a broadband transition between the feed
lines and radiating elements. The complete analysis of these antennas can be found
in [20].
Another remarkable invention is the classic volcano smoke antenna that is devel-
oped by Kraus in 1945, a detailed discussion can be found in [21]. This antenna
topology offers exceptional bandwidth and azimuthal Omni directionality. Sleeve
monopole configurations [20] are excited using a coaxial transmission line and ex-
hibit broad band radiation behavior. The sleeve exterior acts as a radiating element,
while its interior acts as the outer conductor of the feed coaxial transmission line.
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Stohr et al. proposed the use of ellipsoidal monopoles and dipoles [22] which were
re−discovered in [23]. This study describes the extensive analysis carried out on
square, rectangular and hexagonal disc monopole antennas in addition to the ellip-
tical design. Square or rectangular monopole antennas are inherently bandwidth
limited and in order to improve the bandwidth, various techniques were proposed.
In [24], it was demonstrated that when a shorting pin is added to a planar monopole
antenna, an additional mode is excited below the fundamental mode. By optimizing
the dimensions, 50% size reduction can be obtained compared to an equivalent planar
monopole without a shorting pin. In [25] two techniques are presented: offset feed-
ing and use of orthogonal square monopoles on a circular base to obtain wide band
response and omnidirectional radiation.
The use of beveling technique [26] and that of a shorting pin can improve the
overall impedance bandwidth of square monopole antennas in [27]. The use of dou-
ble feeding and trident shaped feeding in [28] are proposed to improve the impedance
bandwidth of such antennas. The different radiator types that have been reported are
semi-circular base [29], trapezoidal [30], triangular [31], steeped rectangular patch [32],
circular [33] and elliptical [34]. The radiator edge near the ground is an important pa-
rameter which affects the antenna performances and they have even been characterized
by binomial functions for ultra-wideband performance [35]. Even though such curved
radiators along with straight ground edge gives wide band performance, the antenna
size can be reduced by making ground plane and feed modifications. The ground
edges have been slotted [36], curved and hexagonal shaped [37], trident shaped [38]
or with slits on the ground plane for improved bandwidth performance [39].
Although various shapes and types of feeding have been examined in literature,
most of the antennas in this class operate on one principle that is overlapping of closely
distributed several resonance modes. Investigations show that the first resonance is
determined by the overall height of the radiator. This implies that, at the lower end
of the frequency band, the antenna operates in an oscillating mode i.e. standing wave
mode. At the high frequency end, the slot formed by the lower edge of the radiator
and the top edge of the ground plane supports the traveling wave. In the middle of
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the band the antenna operated in a hybrid mode of standing and traveling waves.
Thomas et al. [40], proposed a new ultra wideband sleeved transmission in line-fed
rectangular planar disc monopole antenna with a small ground plane. Objective of
the study was to design a monopole antenna with improved radiation performance
than the existing ones. The antenna offers an ultra-broadband performance with a
VSWR of less than 2.5:1. Certain UWB applications such as a wireless dongle re-
quired antenna limited in space [41]. This compact antenna comprises an L-shaped
rectangular monopole element and a matching section and is relatively easy to fabri-
cate. In [42] the antenna is mounted at the top portion of the PCB and one end of
the radiating arm is short-circuited to the system ground plane. With the proposed
antenna structure, wide operating bandwidth of larger than 7.6GHz is obtained which
easily covers the 3.1GHz and 10.6GHz.
In [43], an elliptic-card ultra-wideband planar antenna has been proposed. The de-
sign consists of an elliptical radiating element and feeding structure which are mounted
on the back and front surfaces respectively. The structure of the antenna is miniatur-
ized by optimizing its elliptic profile. The required ground plane size is only 22mm×
40mm.
In [44], a semi elliptical dipole antenna is proposed. This antenna has large band-
width covering the frequency band of 3.1GHz to 10.6GHz, and radiation patterns
are similar to conventional dipole antenna. A compact omnidirectional monopole an-
tenna is presented in [45]. This monopole antenna sequentially embeds several pairs
of rectangular notches in two corners of the radiation patch. With this stability of the
H-plane patterns are improved, especially at the higher frequencies between 11GHz
to 17GHz.
A low profile slot antenna is presented in [46]. This antenna is constructed by
etching a T-shaped open-ended slot in the ground plane that is excited by a microstip
feed line. Multiple resonant frequencies are excited and merged to provide a return
loss of -10dB [47–54].
The review of the planar monopole antennas confirms the requirement for a tapered
transformation from the feed to the antenna edges so as to have a gradual impedance
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variation among the different resonant mode excitation. The ground and radiator
edges basically operate as a pair of opposing tapered slot lines which makes them
inherently wide band. However, their radiation patterns may deviate from the desired
omnidirectional behavior as the tapered slot line antennas are relatively directional.
2.3 Frequency Notched Function in UWBAntenna
UWB systems must share their operational frequency band with existing systems such
as WLAN, WiMAX and so on due to its wideband characteristic. So it is necessary
to avoid interference with nearby communication systems. While it was accomplished
by a conventional filter in the radio frequency receiver front end, it is possible to
design UWB antennas with a band notch characteristic to aid in narrow band signal
rejection. This section presents different methods to notch some frequency bands
such as inserting slots and removing narrow band resonant structure. In addition, the
techniques to control the notched band and to notch multiple bands are discussed.
2.3.1 Inserting slots
To obtain the frequency band notched function in UWB antenna, the well known
method is to insert the slots. Various notched UWB antennas studied by many
researchers can be classified according to slot’s locations such as radiating elements,
ground plane, feeding line and vicinity of the radiating element. UWB antennas have
slot on the various radiation elements. [55]
Farrokh et al. [56] have designed band-notched antenna. By embedding two L-
shaped slits at the edge of the open radiating slots, a tunable notched band for avoiding
interference between the UWB and WLAN systems was achieved. The realized slot
antenna operates over (2.6-13.6)GHz for VSWR≤2 and has a band rejection of (4.9-
5.85)GHz. Monopole antenna with dual band-notched characteristics is presented by
Liu [57]. One complementary split-ring resonator (CSRR) is etched inside the patch
on the monopole antenna to achieve dual notch frequency bands. A novel antenna
is presented by Seungwoo et al. [58] for lower WLAN band and upper WLAN band
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notches. Here, one antenna is designed for single band notch with separated strip to
cover the 5.15GHz-5.825GHz band. The second antenna is designed for dual band
notches using two separated strips to cover the (5.15-5.35)GHz band and 5.725GHz-
5.825GHz band. A planar monopole antenna with triple band-notched characteristics
is proposed by Li et al. [59], triple notched bands are realized by using an ‘Ω’ shaped
slot in the radiating patch, a semi-octagon shaped resonator on the back side, and
a defected grounded structure. Kim et al. [60] proposed triple-band notched UWB
antenna, the essence of the design strategy is embedding the three notched elements
onto the primitive antenna to serve as respective stop band filters. Tang et al. [61,62]
have designed multiple band notches antenna. This antenna is designed for rejection
of interference of WiMAX, lower and upper WLAN with covering of three notched
bands.
2.4 Multi Element Antennas
An alternative approach to design antennas suitable for multi standard radio ap-
plications is to employ several antennas. A dual port antenna for operation at an
international mobile telecommunications-2000 (IMT-2000), global positioning system
(GPS) and wireless local area network (WLAN) was proposed in [63]. It consists of
two radiating elements, planar inverted-F antenna (PIFA) with folded branches for
GPS and WLAN band, and planar inverted-L antenna (PILA) for IMA-2000 band.
These two antennas were printed next to each other on the top layer of the sub-
strate. This approach might be effective when there is less limitation on antenna
space requirements. Furthermore, the close proximity of the ports could be resulting
in mutual coupling between the ports. A more efficient approach was presented in [64],
where the two slot of the antenna was combined together. The outer slot antenna
operates at 2.37GHz to 2.55GHz and the inner slot operates at 3.5GHz worldwide
interoperability for microwave access (WiMAX) and 5.125GHz to 6GHz bands. Low
port mutual coupling was achieved by the specific configuration of the ports. This
approach is not only limited to wireless radio applications. A dual feed broadband
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antenna is introduced in [65, 66] which is suitable for high frequency (VHF/UHF)
communication or electromagnetic compatibility (EMC) applications. The antenna
comprises of monopole and a disc-cone antenna. Two coaxial cables were used for
feeding. The first cable is inserted in the center canal and connected to the disk-cone
structure; bended sleeve is fixed under the ground plane. The second cable fed to the
monopole with the aid of the sleeve. This technique is also very popular for designing
reconfigurable antennas where each element can be tuned independently [67,68]. For
instance in [67] a PIFA is combined with a monopole with the space taken by the
PIFA and also a switch is used in the PIFA for frequency reconfiguration.
2.4.1 Planar diversity antenna
In multi standard radio systems with simultaneously operating antennas, excellent
isolation between antenna ports are required. In case the operating frequency bands
are widely separated, embedded or external filtering structures can be used to provide
the required isolation. On the other hand, there are applications where bands have
to be closely spaced or even have to occupy the same band such as multiple input
multiple output system (MIMO) where the demanded isolation cannot be achieved
with microwave filters or where isolation provided by filters is not sufficient. Various
port decoupling techniques have been reported in the literature [69,70]. High antenna
port isolation is well-known to be available from widely spaced antennas. Good iso-
lation can be achieved by separating antennas by much more than half a wavelength.
To achieve maximum separation for instance in a typical mobile phone or laptop the
antennas are distributed around the periphery of the devices. When multiple anten-
nas are grouped on a single device some factors such as the antenna position relative
to each other and the ground influence the radiation. Moreover, in applications such
as in mobile phones, the ground plane or device chassis is considered as part of the
antenna and therefore contributes to the radiation. Hence, it is important to find the
appropriate configuration of antennas which can satisfy all the system requirements.
Wong et al. [71], have designed diversity antenna, which consists of two truncated
square monopole antenna printed orthogonally and symmetrically on two sides of a
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T-shaped protruded ground plane. This antenna is capable of operating in a very
wide bandwidth, defined by return loss of -10dB at 5.4GHz bandwidth.
Chi et al. [72], have designed integrated dual band diversity antenna. The two
ports of this antenna show high isolation and good impedance matching for frequency
across the 2.4GHz and 5.2GHz for WLAN bands. This antenna can also provide spa-
tial diversity which is capable of combating multipath fading for WLAN application.
Printed ultra wideband diversity antenna presented by Liu et.al [73], consisting
of two orthogonal half circles with radiator placed symmetrically with respect to a
protruded T-shaped ground plane. This antenna has good port isolation with |S21| ≤
−20dB in the frequency of 3.1GHz-5.8GHz. A study of reduction of the mutual
coupling between two mobile phone is presented by A. Diallo et al. [74]. This study
shows, the process of optimally integrating in a mobile phone with two PIFAs working
in close radio communication standards.
Chiu et al. [75] have designed simple ground plane structure that can reduce mu-
tual coupling between closely-packed antennas. Measured results show that isolation
coefficient of more than -20dB can be achieved between two antennas by sharing a
common ground plane with inter-antenna spacing of 0.116λo.
A novel dual-band printed diversity antenna is proposed by Ding et al. [76]. This
antenna consists of two back-to-back monopoles with symmetric configuration and
is printed on a PCB. The effects of some important parameters of the antenna are
deeply analyzed. The measured radiation patterns of the two monopoles in general
cover complementary space regions and also diversity performance is evaluated by
calculating the envelope correlation coefficient.
A 2-element diversity planar antenna for MIMO is proposed by Hong et al. [77]
to reduce the mutual coupling between two radiating elements where three stubs are
inserted on the ground plane. The measured impedance bandwidth of the antenna
ranges from 2.27GHz-10.2GHz. Good impedance matching and improved isolation
characteristics are observed.
Lee et al. [78] have designed ultra-wideband MIMO antenna for Personal Digital
Assistant (PDA). To improve the impedance bandwidth, a connecting strip is used
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on each antenna element. The isolation is improved by inserting two T-shaped stubs.
The designed antenna has a 10-dB return loss bandwidth of 9GHz.
A compact 2-element antenna with both pattern and polarization diversity and
high isolation for WLAN application is reported by Wang et.al [79]. This antenna is
composed of low profile monopole and a pair of inverted-L antenna fed by 180o out-
of-phase excitation. The measured isolation is better than -29dB across the required
bandwidth.
A study of UWB diversity antenna is presented by See et al. [80]. This antenna is
designed on a PCB slab, which consists of two notched triangular radiating elements
with two feeding ports. The shape of the ground plane is optimized to improve the
isolation between the ports as well as impedance matching. This antenna achieved
broad impedance bandwidth with good isolation performance |S21|≤ -20dB. The cor-
relation between the radiation patterns shows consistent diversity performance across
the UWB bandwidth.
A novel tri-band MIMO monopole antenna is presented by Nezhad et al. [81]. The
proposed antenna can create a single resonance within the WLAN range. Placement
of two slots in the radiating element creates two extra resonances. The MIMO antenna
array provides better than -14dB mutual coupling, envelope correlation of lower than
0.002 and stable omnidirectional patterns at all three frequencies.
In order to enhance the wideband isolation, a tree-like structure used in the an-
tenna is presented by Zhang et al. [82]. Measured S-parameters show that the isolation
is better than -16dB across the UWB band. The radiation patterns, gain and envelope
correlation coefficients are also analyzed.
A planar MIMO antenna array is presented by Baek et al. [83]. This antenna array
is composed of two orthogonal polarized elements which act as electric and magnetic
loop antennas. A high isolation of -20dB between the two antennas are achieved at
2.3GHz. The calculated envelope correlation coefficient is 0.00035.
Reconfigurable dual-band monopole antenna array with high isolation is presented
by Luo et al. [84]. This antenna array contains two C-Shaped monopoles with a
shorting line, on which two RF switches were integrated. By changing states of RF
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switches, high isolation coefficient at 2.4GHz or 5.2GHz are achieved. Sonkki et al. [85]
have designed low mutual coupling between monopole antenna by using two half-wave
length slots. The structure has two half-wavelength slots cut into the ground plane
between the monopoles. The improvement in measured total efficiencies with the
slotted ground plane against the reference ground plane is between 2.8% and 24.3%.
A compact broad band printed diversity antenna is presented by Kang et al. [86].
This antenna has been designed for covering WLAN applications. The isolation of
the diversity antenna is higher than -14.8dB. The patterns can cover complementary
space regions. The diversity performance is also evaluated by calculating the envelope
correlation coefficient. A novel MIMO antenna array for wireless devices is presented
in Ling et al. [87]. This antenna array consists of two back-to-back monopole elements
with an edge-to-edge distance of 0.096λ. Shorting strip and isolation stub are used to
reduce the mutual coupling between the two elements. The measured isolation values
are lower than -25dB and -20dB at the frequency of 2.45GHz and 5.8GHz band.
A two element polarized diversity antenna with band-notch function is presented
by H.K. Yoon et al. [88]. This antenna consists of two octagonal monopoles that are
orthogonally and symmetrical aligned with extended ground planes. The antenna cov-
ers UWB frequency with good isolation of less than -20dB. Also, it has a band-notch
function to avoid overlap with 5GHz wireless local area network band. Both the time-
domain and frequency-domain characteristics of the antenna have been investigated
by using normalized antenna transfer function.
A novel stub structure with UWB-MIMO antenna is presented by Najam et al.
[89], here two circular disc monopole antenna elements constitute a UWB-MIMO
antenna operating over the frequency band 3.2GHz-10.6GHz. The isolation between
the antenna ports have been enhanced by more than -15dB throughout the frequency
band. Novel diversity or MIMO PIFA antenna with broadband circular polarization
was presented by Yao.et al [90]. The circular polarization characteristic of the antenna
is achieved by cross branch at its corner of the ground. Good isolation of -14dB
between the two elements over the whole band is achieved.
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2.5 Summary
In this chapter, state of the art literatures of planar monopole antennas for UWB
application has been presented. The chapter starts with the introduction of planar
UWB antenna, followed by investigated research work related to wideband antenna
designs. The chapter also presents several research works related to UWB band notch
antennas and UWB diversity antennas. It is found that the present communication
system needs more compact and wideband antennas.
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Planar Broadband Monopole Antennas
Monopole antennas are used in communication systems at a wide range of frequencies.
Electrical properties of these antennas are dependent on the geometry of both the
monopole element and the ground plane. The monopole element is either electrically
short with length much less than a quarter-wavelength with length approximately a
quarter-wavelength. Normally, a monopole geometry consists of a vertical cylindrical
element at the center of a perfectly conducting infinitely thin, circular ground plane
in free space. Electrical characteristics of such antennas are primarily a function of
only three parameters: element length, element radius and ground plane radius, when
each is normalized to the excitation wavelength. Radiation patterns of such antennas
are uniform in the azimuthal direction.
There are two novel designs of compact planar monopole antennas presented in
this chapter: semi octagon shaped monopole and semi circular disk monopole an-
tenna. These antennas perform well in terms of its impedance match and gain, over a
wide band and easily comply with the FCC approved UWB frequencies of 3.1GHz to
10.6GHz. The slot resonators are engraved on either or both the radiator and ground
plane to disable the antenna from functioning at the selected narrow band frequencies.
The antennas have been shown to be suitable for broadband mobile applications in
terms of their physical requirements and wide band characteristics. Their suitabil-
ity for pulsed UWB applications are confirmed by investigating their effects on large
fractional bandwidth pulses and this work is carried out in Chapter 5.
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3.1 Semi Octagon Shaped Monopole Antenna
The octagon monopole is used to maintain the characteristics of the fat monopole such
as a rectangular monopole and it has a smaller size than a rectangular monopole. This
makes it possible to have a compact size for UWB, while maintaining omni directional
radiation patterns. Theoretically, the radiators of the planar monopole antennas can
be of any shape for broad operating bandwidth. Small and gradual discontinuities
are desired for a reflection less transducer action over wide frequencies. The planar
monopole antennas with octagon shaped radiating elements are known to operate
effectively over a wide frequency band making them natural candidates for broadband
application [91].
3.1.1 Antenna design and simulation results
The geometry of the octagon shaped monopole is shown in Figure 3.1. It consists
of octagon shape radiator patch and an ground plane with a rectangular slot. The
50Ω line-fed monopole antenna was printed on FR4 substrate with thickness ‘h’ with
relative permittivity ǫr = 4.4.
Figure 3.1: Geometry of a semi octagon shaped monopole antenna (a) Top layer (b)
Bottom layer
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Table 3.1: Dimensions of octagon shaped monopole antenna
L W h Lg Wf L1 W1 L2 W2 L3 W3
36mm 32mm 1.6mm 20mm 3.8mm 10mm 18mm 3mm 4mm 0.5mm 3.8mm
The antenna performance was obtained by carrying out a detailed parametric
analysis. Figure 3.2 shows the simulated reflection coefficient curves for different
antenna dimensions. A significant observation from the plots is that a wide band
impedance matching (S11 ≤ -10dB) is inherently achieved for the octagon shaped
monopole antenna considered, in spite of variations in its parameters. However, it
shows a shift in the lowest resonance frequency fr1 with the parameter L1 and Wf .
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Figure 3.2: Simulated reflection coefficient curve of a semi octagon shaped monopole
antenna for different values L1
Figure 3.2 plots the antenna reflection coefficient by varying L1. A shift in the
antenna frequencies towards a higher range can be noted with a distinct increase in
fr1. This confirms the monopole type operations of the antenna, where decrease in
the radiator length increases the resonant frequency. Figure 3.3 show the variation in
fr1 against frequency for different values of Wf .
The planar octagon shaped monopole antenna is a very wide band design where
the lowest resonance is found to be critically determined by the antenna dimensions.
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Figure 3.3: Simulated reflection coefficient curve of a semi octagon shaped monopole
antenna for different values Wf
Hence, an approximate relation for fr1 is deduced as resonant frequency from (3.1).
fr1 = 7.2/((Lg + r + g)× k) (3.1)
where ‘Lg’ is the length and ‘r’ is the effective radius of an equivalent cylindrical
monopole antenna and ‘g’ is the length of the feed line. The factor ‘k’ has a significance
of an effective dielectric constant, as the configuration is printed on a substrate. The
empirical values of k=1.15, for FR4 substrate with ǫr =4.4, h =1.6mm. Figure 3.4
illustrates the simulated reflection coefficient (S11(dB)= -Reflection coefficient in dB)
of an optimal design of the antenna with parameters as in Table 3.1, the simulated
-10dB bandwidth appears to span an extremely wide frequency range from 3.4GHz to
more than 11GHz. In order to identify the resonance modes of the antenna, its input
impedance is plotted against frequency in Figure 3.5. Generally, the zero crossings
on the reactance curve are identified as resonances which in this case compares well
with the dips in the reflection coefficient curve.
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Figure 3.4: Simulated reflection coefficient curve of a semi octagon shaped monopole
antenna
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Figure 3.5: Simulated input impedance curve of a semi octagon shaped monopole
antenna
3.1.2 Experimental verification
A prototype of the antenna was fabricated on a substrate of ǫr =4.4 and h= 1.6mm
with the parameters in Table 3.1
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Figure 3.6: Measured reflection coefficient of a semi octagon shaped monopole antenna
(a) (b)
Figure 3.7: Measured radiation patterns at 4.2GHz, 7.8GHz, and 10GHz (a) E-plane,
(b) H-plane
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Reflection coefficient measurements indicate a wide band width from 3GHz to
more than 12GHz, which is validated by simulations as shown in Figure 3.6. The
normalized radiation patterns of the antenna for E and H planes for three different
frequencies are shown in Figure 3.7. The patterns are stable throughout the band and
resembles that of a monopole; omnidirectional in the azimuth (X-Y) and bidirectional
in the elevation (Y-Z) at lower resonance frequency.
3.2 Semi Circular Disc Monopole Antenna
Figure 3.8: Geometry of a semi circular disk monopole antenna
3.2.1 Antenna design and simulation results
Figure 3.8 shows the geometry of the proposed semi circular disk monopole antenna.
The proposed antenna is printed on substrate of thickness(h) 1.6mm with dielectric
constant 4.4 and loss tangent 0.0018. A semi-circular patch of radius ‘r’ is printed
on the front side of the substrate. The radiator is excited via 50Ω microstrip line
of 1.5mm width (Wf ). With insertion of two stubs above the radiating elements,
additional resonance is excited and hence the band width increases. A small gap ‘d’
is introduced to achieve impedance matching.
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Figure 3.9: Simulated reflection coefficient of a semi circular disk monopole antenna
The design equation is deduced for the first resonance fr1 for an semi circular disk
monopole antenna from relationship (3.2).
fr1 =
150
Lg ×
√
ǫeff + d+ h
(3.2)
where ‘d’ is gap between radiator and ground element,‘lg’ is length of the ground.
The performance of the antenna is investigated through EM simulation. Figure 3.9
illustrates the simulated reflection coefficient of an optimal design of the antenna
with parameters as in Table 3.2, where all the antenna dimensions are in mm. The
simulated -10dB bandwidth appears to span an extremely wide frequency range from
3GHz to 10.7 GHz.
Table 3.2: semi circular disk monopole antenna parameters
L W h Lg Wf W1 r t d
38mm 43.5mm 1.6mm 15.25mm1.5mm 6.5mm 12.5mm 1mm 0.5mm
Figure 3.10 shows the simulated reflection coefficient as function of gap ‘d’ for
the proposed antenna. The first resonant mode of the antenna is shifted to higher
frequency as ‘d’ increased and impedance bandwidth for the lower band is enhanced.
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Figure 3.10: Simulated reflection coefficients of a semi circular disk monopole antenna
for different feed gap ‘d’
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Figure 3.11: Simulated reflection coefficients of a semi circular disk monopole antenna
for different feed gap ‘r’
For the upper band, the bandwidth is affected slightly. Effects of the different radius
of the radiating elements as shown in Figure 3.11 with ‘r’ varying from 10.5mm to
13.5mm. In this case the effect of ‘r’ on the impedance matching of the first and third
resonant mode is larger than that on the second resonant mode.
In order to identify the resonance modes of the antenna, its input impedance is
plotted against frequency in Figure 3.12. Traditionally, the zero crossings on the
reactance curve are identified as resonances. Four resonance frequencies are identified
from the plots,viz. 3.8GHz, then 4.8GHz, 6GHz, and 8.5GHz frequencies.
The reflection coefficient of the input impedance can only described the behavior
31
Chapter 3 Planar Broadband Monopole Antennas
2 4 6 8 10 12
-100
-50
0
50
100
150
200
4.8GHz
6GHz
 
Im
pe
da
nc
e(
O
hm
)
Frequency(GHz)
 Resistance
 Reactance
3.8GHz
8.5GHz
Figure 3.12: Simulated input impedance curve of a semi circular disk monopole an-
tenna
of an antenna as a lumped load at the end of a feed line. The detailed EM behavior
of the antenna is revealed by examining the surface current distributions and the
radiation patterns. The surface current distribution of the antenna substrate close to
the resonance frequencies and their corresponding simulated 3D radiation patterns are
plotted in Figure 3.13. At the first (3.8GHz) and next (4.8GHz) resonance frequencies,
the currents are mainly concentrated near the edge of the ground plane, while on top
of the structure currents are primarily distributed along the periphery of the disc
edge and feed line. This is why the first resonant frequency is associated with the
dimension of the disc.
3.2.2 Experimental verification
The prototypes of semi circular disc monopole antenna was fabricated and tested
in the Antenna Measurement Laboratory at Indian Institute of Science, Bangalore.
The reflection coefficients are measured with the help of network analyzer(Agilent
model no: N5230A). Reflection coefficient indicates a wide band width operation
from 3GHz to 12GHz, which validates the simulation results presented in Figure 3.14.
The slight deviation of results at higher frequencies could be due to the soldering
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Figure 3.13: Simulated surface currents distribution of a semi circular disk monopole
antenna along with its simulated radiation patterns at (a) 3.8GHz, (b) 4.8GHz, (c)
6GHz and (d) 8.5GHz.
effect of the SMA connector and its mechanical tolerance on the finite ground plane
current distribution which is not accounted in the simulation. Figure 3.15 shows the
measured E- and H- plane radiation patterns at 3.8GHz, 4.8GHz, 6GHz and 8.5GHz.
In XZ(Co-pol. and Cross-pol) plane the patterns are close to omnidirectional.
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Figure 3.14: Measured reflection coefficient of a semi circular disk monopole antenna
3.3 Band Notch Antenna
3.3.1 Band notch octagon shaped monopole antenna
The radiating monopole and feeding mechanism are printed on the topside of the sub-
strate, while the ground plane is printed on the bottom side. The antenna is printed
on 32 mm × 36 mm, FR4 substrate with dielectric constant of 4.4 and substrate thick-
ness of 1.6mm. The width of the microstip feed line was fixed at 3.8mm to achieve
50 ohm characteristic impedance. The geometry of the proposed band notch antenna
is shown in Figure 3.16.
Antenna with C-Shape Slots:
By etching C-shaped slots in the octagon shape radiating patch of antenna a fre-
quency band notch is created. Each slot acts as a resonator and the band-notch
frequency mainly depends on the length of the slot. The length of the slot is about
a half of the wavelength corresponding to the desired center frequency of the rejec-
tion band. The required rejection of bands are at frequencies 3.4GHz-3.7GHz and
5.15GHz-5.825GHz. Hence the designed center frequencies of the rejection are set to
be at 3.5GHz and 5.5GHz. The wavelength corresponding to notched frequency λr
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Figure 3.15: Measured radiation of a semi circular disk monopole antenna at (a)
3.8GHz (b) 4.8GHz (c) 6GHz and (d) 8.5GHz
can be calculated by λr=λ/
√
ǫeff , where ǫeff is effective dielectric constant.
The geometry of the antenna with band rejected functions are shown in Figure
3.16. The desired interior C-shaped slot makes a notch band at 5.5 GHz and the
exterior C-shaped slot makes another notch band at 3.5 GHz. The length of the
interior C-shaped can be deduced by Equation (3.3),
L(slot1) =Ws1 + Ls1 ≈ λr
2
(3.3)
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Figure 3.16: Geometry of a notched octagon shaped monopole antenna
Table 3.3: Dimensions of notched octagon shaped monopole antenna
WS1 LS1 WS2 LS2 LS3 g t1 t2 t3
9.3mm 4.3mm 17mm 3mm 3mm 0.12mm 0.5mm 0.5mm 1mm
The length of the exterior C-shaped can be deduced by Equation (3.4)
L(slot2) =Ws2 + Ls2 + Ls3 ≈ λr
2
(3.4)
Antenna with Folded Strips:
A pair of end shorted folded strips are printed on the front surface of the substrate
to achieve the triple band-notch characteristics. The overall resonator is L-shaped in
order to minimize the space occupied and is short circuited to the ground plane via
hole connection (radius=0.25mm). The two arms are of 0.25mm width and coupled
with the ground plane. The lengths of both strips are closed to each other at the
desired center frequency of the rejection. Here ‘g’ is the coupling gap between the
resonator and the radiating patch. The two arms act as resonators and introduce
capacitive coupling to offer series resonance for band stop function. The main line
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is effectively shorted at resonant frequency and thus no power is delivered to the
radiating patch. The optimal dimensions of the designed antenna are shown in table
3.3.
3.3.2 Simulation and experimental verification
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Figure 3.17: Simulated VSWR results for different values W1 for octagon shaped
monopole antenna
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Figure 3.18: Simulated impedance curve of a octagon shaped monopole antenna
In this section, the planar monopole antenna performance with various design
parameters is discussed. The proposed antenna is designed using CST microwave
studio. Figure 3.17 shows simulated VSWR for different values of W1. The center
frequency and bandwidth of the notch band is varied from 8GHz to 8.8GHz.
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Figure 3.19: Simulated results of the surface current distributions for the antenna (a)
3.5GHz (b) 5.5GHz and (c) 8.2GHz
The simulated impedance of the octagon shaped monopole antenna shown in Fig-
ure 3.18. The resistance part of the impedance fluctuates around 50Ω over the UWB
band except the band rejection frequency. It is observed that the resistance part of
the impedance is very high, while the reactance part is almost zero.
Figure 3.19 shows the simulated current distributions at different frequencies. In
this figure the flow of current is more dominated around the filter structure (Interior,
Exterior C-shape slot and L shape arms) and they are oppositely directed between
the interior and exterior edges. The resultant radiated fields cancel out and provides
high attenuation near the notch frequency.
The measured performance for a fabricated prototype of the antenna using opti-
mum simulated design parameters are presented here. The impedance bandwidth of
the antenna is measured by using network analyzer(Agilent model no: E8363B). Fig-
ure 3.20 shows the performances of the measured and simulated reflection coefficient
of UWB antenna with triple band notch characteristics.
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Figure 3.20: Measured and simulated reflection coefficient of a octagon shaped
monopole antenna
Figure 3.21: Measured radiation patterns at 4GHz, 7GHz, and 10GHz (a) E-plane
(b) H-plane
Figure 3.21 illustrates the measured radiation patterns in the E-plane and H-
plane at the frequencies of 4GHz,7GHz and 10GHz of the UWB band. The radiation
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(b)(a)
Figure 3.22: Photograph of proposed semi octagon shaped monopole antenna (a)
without bandnotch (b) with bandnotch
patterns in the H-plane (YZ plane) are nearly omnidirectional for three frequency
bands. The photographs of the proposed antenna with and without bandnotch are
shown in Figure 3.22. The measured realized gain with and without bandnotch are
presented in Figure 3.23. It is observed that gain variations are within 2dBi to 6dBi.
3.3.3 Band notch semi circular disk monopole antenna
Antenna with Spiral Loop Resonator:
A pair of symmetrical Spiral Loop Resonator (SLR) is printed on the front surface
of the substrate merge with radiating element to achieve the band notch charac-
teristics. The dimensions of the resonator are electrically small due to spiral type
stub-wavelength structure. High level compactness can be achieved in this antenna
by using SLR structure. As number of turns increased in the SLR, the equivalent
interaction between the spiral inductance and spiral capacitance cause the resonant
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Figure 3.23: Measured gain of the octagon shape monopole antenna with and without
bandnotch
behavior.
fSLR =
1
2π
√
Lspiral × Cspiral
(3.5)
Notched frequency (fSLR) of the SLR is calculated from distributed capacitance
and inductance of the spiral loop. Using (3.5), the rough size of the desired SLR can be
estimated and turning process need to be implemented by full wave EM simulation
software to determine the optimal size of SLR. After tuning the distance between
pair of SLR, spurious notched bands in undesired frequency can be eliminated. The
optimal dimensions of the designed antenna are shown in Table 3.4
Antenna with Integrated Microstrip Resonators:
As shown in Figure 3.24 two types of microstrip resonators are used. These are (i)
open loop resonator (OLR) (ii) open circuit resonator (OCR). These two resonators
are placed on the opposite side of the planar antenna and coupled to a return signal on
the ground of the planar antenna. The OCR makes one band notch at 5.2GHz-5.4GHz
and other OLR makes second band notch at 5.7GHz-6GHz. At notch frequency,
current is concentrated around the edge of the resonators and is oppositely directed
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Figure 3.24: Geometry of a notched semi circular disk monopole antenna
between the interior and exterior of the resonator. This affects the antenna to operate
in transmission line mode, which transfers the high impedance at the top of the band
notch. Due to this effect nearly zero impedance is found at antenna feed point. This
creates high attenuation near the notch frequency.
fOLR ≈ c
(2Ls1 + 2Ws1 +Ws2)×√ǫeff (3.6)
fOCR ≈ c
(2Ls2 +Ws3)×√ǫeff (3.7)
Where ‘c’ is speed of light in free space, ǫeff ≈ (ǫeff+1)/2 = 2.7 therefore, desired
notch frequency is calculated by relationship (3.6) and (3.7 ). The optimal dimensions
of the designed resonator are as shown in Table 3.4.
Table 3.4: Dimensions of notched semi circular shaped monopole antenna
S1 S2 S3 t1 d Ws1 Ls1 Ws2 Ls2 Ws3 t g
5mm 4mm 2mm 0.5mm1mm 1.5mm9.5mm7mm 10.5mm13mm 1mm 0.5mm
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Figure 3.25: (a) Optimization of SLR by changing S3 Value. (b) Optimization of
integrated microstrip resonators by changing LS1 and LS2 value.
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Figure 3.26: Simulated impedance of the notched disk monopole antenna
3.3.4 Simulation and experimental verification
Figure 3.25 (a) shows the S11 for the different lengths of the square loop resonator
(S3). It is clearly seen that the length of SLR has a significant effect on the notch
frequency. The notch frequency shifted from 3.4GHz to 3.8GHz, as the length of the
SLR changes from 2mm to 0.5mm. This is due to the fact that the notch frequency of
the SLR is proportional to the length of the resonator. The parameters LS1 and LS2
mainly determine the second and third notched bands. Figure 3.25 (b) illustrates the
impact of the parameters LS1 and LS2. The value of Ls1 and Ls2 are decrease keeping
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Figure 3.27: Simulated and measured reflection coefficient performances
other parameters constant. The second and third notched band also moves to higher
frequency. Thus, the size of the resonator structures has a serious impact on the
position and bandwidth of the notched frequency. The simulated impedance of the
proposed antenna is shown in Figure 3.26. It is found that the resistance part of the
impedance is around 50Ω over the UWB band except the band rejection frequency.
It is also observed that the resistance part of the impedance is very high, whereas
the reactance part is negative. This means that the proposed antenna is stopping
the propagation of the wave at band rejection frequency. From the Figure 3.26, it is
also observed that the zero crossing on the reactance curve is identified as resonance
frequencies occurring at 4.5GHz, 6.5GHz and 8.5GHz.
A prototype for the proposed UWB antenna was fabricated and tested. A vector
network analyzer (Agilent model no: N5230A) was utilized to measure and verify
the antenna performance. Figure 3.27 illustrates the simulated and measured |S11|
performances against frequency of the antenna. Fairly good agreement between the
simulated and measured results has been seen. As observed, the measured impedance
bandwidth of the proposed antenna is 8.6GHz (over 3.05GHz-11.7GHz), rejecting
frequency band of about 3.4GHz-3.8GHz (WiMAX), 5.2GHz-5.4GHz (Lower WLAN)
and 5.7GHz-6GHz (Upper WLAN).
The effect of frequency interference is well avoided. The measured far-field radi-
ation patterns of the proposed antenna at 4.5GHz, 6.5GHz, and 8.5GHz are investi-
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Figure 3.28: Measured radiation patterns of the notched semi circular disk monopole
antenna in (a) 4.5GHz (b) 6.5GHz (c) 8.5GHz frequencies.
gated and presented in Figure 3.28. The antenna has nearly monopole like pattern
in E-plane and omni directional radiation pattern in H-plane. The photographs of
the proposed antenna with and without bandnotch are shown in Figure 3.29. The
measured realized gain with and without resonator are presented in Figure 3.30. It
is observed that the gain variations are within 2.8dBi to 6dBi using with and with-
out resonators, except the notch frequency. Table 3.5 presents the comparison of the
proposed works with existing works.
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(a) (b)
Figure 3.29: Photograph of proposed semi octagon shaped diversity antenna (a) with-
out bandnotch (b) with bandnotch
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Figure 3.30: Measured gain of the semi circular disk monopole antenna with and
without resonator
3.4 Summary
In this chapter, we have presented two designs of broadband planar monopole an-
tennas, namely the octagon shaped monopole and semi circular disk monopole. The
planar octagon monopole antenna has a wide band operation (3GHz to 12GHz), sim-
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Table 3.5: Comparison between proposed works with existing works.
Antenna
type
Size(mm) Bandwidth Gain
Simple
Ultraw-
ideband
Planar
Rectan-
gular an-
tenna [74]
30×18×0.76 3.1GHz - 11GHz stop band
at 5.5GHz
upto
5dBi
Novel
Band-
Notched
Planar
Monopole
antenna
[75]
22×20×1.6 3.1GHz-11GHz stop band
at 5.5GHz
3.8dBi
Compact
Ultrawide-
band An-
tenna [76]
30×3.5×1.6 3.1GHz to 10.6GHz dual
stop band 3.5GHz/5.5GHz
4.5dBi
Semi oc-
tagon
shaped
diversity
antenna
36×32×1.6 3GHz-12GHz mul-
tiple stop band at
3.5GHz/5.5GHz/7.2GHz
upto
6.2dBi
Semi cir-
cular di-
versity
antenna
38×43.5×1.6 3.05GHz to 11.7GHz
multiple stop band
3.5GHz/5.2GHz/5.8GHz
6dBi
ple structure and nearly omnidirectional radiation patterns at the lower frequency.
The semi circular disk monopole antenna presented in the following sections, provide
wide band operation (3.05GHz to 11.7GHz). It appears to be perfectly ideal for UWB
band application with a compact size, stable and omnidirectional antenna pattern. In
final section of this chapter, the designed wide band antennas are adapted to coexist
with existing WLAN bands with minimum interference. The time domain perfor-
mance of these antennas for assessing their suitability in UWB has been presented in
Chapter 5.
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Planar Diversity Antenna
4.1 Introduction
In the previous chapter, two geometries based on monopole antenna were discussed
for UWB applications with band-notched characteristics. In this chapter, monopole
antennas for diversity performance are investigated. The antennas are mostly line-fed
used for ease of fabrication and better integration. The surface field distributions
on the antenna and their radiation patterns at the resonant modes are analyzed
in detail. Here, the antenna designs are followed from previous chapter to obtain
diversity characteristics.
An UWB diversity antenna is a promising candidate to combat the multipath
fading problem in an indoor UWB wireless communication system. Both MIMO and
diversity UWB systems require an increase of the isolation among antennas. In this
chapter, two novel designs of planar diversity antenna with stub are presented: semi
octagon shaped diversity antenna and semi circular diversity antenna are presented.
These antennas perform well in terms of its impedance matching, gain over a wide
band and easily comply with FCC approved UWB frequency of 3.1GHz to 10.6GHz.
The important parameters which affect the antenna performances are investigated
both numerically and experimentally to obtain some quantitative guidelines for de-
signing this type of antennas. Further, to notch out the selected narrow band fre-
quencies in the wide operating band, thin resonators are embedded in the antenna.
Such adaptations are incorporated, optimized and experimentally verified for all the
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proposed designs. The antennas are seen to be suitable for broadband mobile appli-
cations in terms of their physical requirements and wide band characteristics. Their
suitability for pulse UWB applications are verified by investigating their effects on
large fractional bandwidth pulses and this is carried out in Chapter 5.
This chapter is organized as follows, Section 4.2 shows the 2-element semi octagon
shaped antenna with diversity implementation. Section 4.3 shows the 2-element semi
circular shaped monopole antenna with diversity characteristics. Section 4.4 describes
band notch characteristics for WiMax and WLAN application. Finally, Section 4.5
summarizes the chapter.
4.2 Semi Octagon Shaped Diversity Antenna
Mobile communication using MIMO/diversity processing has emerged as a break-
through for wireless systems of revolutionary importance. All wireless technologies
face the challenges of signal fading, multi-path, increasing interference and limited
spectrum. This section deals with diversity antenna for UWB applications. It presents
the defined objectives and consequent approaches to achieve the goal. The analysis
and evaluation of performances of these proposed designs are considered taking spe-
cial parameters into account which are necessary to characterize MIMO/diversity
antennas. Finally, solution to enhance isolation with reduced antenna size, envelope
correlation coefficient and capacity loss are presented.
4.2.1 Antenna geometry and simulation results
The configuration of the semi octagon shaped diversity antenna shown in Figure.4.1.
The antenna consists of two symmetrical rectangular patches with three bevels cutting
on the edge shaped radiator. It is printed on the upper part of the FR4 substrate with
dimensions L mm × Wg mm × h mm and relative permittivity of 4.4. Two radiators
are separated by distance ‘d from each other and are symmetrically positioned with
respect to the y-axis. The radiators are excited via 50Ω microstrip line of width (Wf ).
49
Chapter 4 Planar Diversity Antenna
Figure 4.1: Geometry of the semi octagon shaped diversity antenna (a) Front view
(b) 3D view
The wideband isolation between the two radiators can be efficiently enhanced by
using uniform branch length ratio structure that extends from the ground plane. Wide
band isolation can be achieved with uniform branch length ratio structure analyzed
by isolation coefficients |S12| and |S21|. The antenna branch lengths are equal to the
double of the previous branches from the point ‘o’ in the ground plane. During 1st
iteration, the branch 1 can be viewed as a reflector, which can reduce the wideband
mutual coupling through separating the radiation patterns of the two radiators. It
is clear that increase in number of the iterations, the mutual coupling is further
weakened. The ratio of the branch length to the total length is given in Table 4.1.
The antenna is designed according to the geometry shown in Figure 4.1 and angle
between the two radiating elements is 45o.
A parametric study is carried out to investigate the effects of the important pa-
rameters on the impedance matching and isolation. In Figure 4.2 improvement of the
isolation across the operating band is observed, when total number of the branches in-
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Table 4.1: The ratio of the branch lengths to the total length of structure
Iteration 0 1 2
Branch 1 1 1/3 1/7
Branch 2 2/3 2/7
Branch 3 4/7
Table 4.2: Dimensions of semi octagon shaped diversity antenna
L Wg Wf Lp Wp L1
40mm 40mm 0.8mm 08mm 9.5mm 10mm
W1 L2 W2 h t d
4mm 10mm 3.5mm 0.8mm 01mm 03mm
creases from one to three. The branches 1, 2 and 3 are mainly affected low, at middle
and high frequencies respectively. The effects of varying the separation (d) between
the two radiators, length (lg) and (wg) of the ground plane are studied. The values
of the parameters are the same as that shown in Table 4.2 except for the parameters
under investigation. As observed from Figure 4.3, when the distance (d) between the
radiator is increased, there is an upward shift in the lower edge frequency. The iso-
lation is mainly affected at the lower and upper edges of the pass-band. The overall
size of the antenna is dependent on the length (lg) and width (wg) of the ground
plane. Figure 4.4, shows that increase in the width of the ground plane, the upper
resonance decreases such that the matching and isolation are achieved at center fre-
quency. From Figure 4.5, it is seen that when the length of the ground plane is varied,
good impedance matching and high isolation are achieved. When upper resonance
decrease such that the impedance matches at the center frequency. From Figure 4.5, it
is seen that when the length of the ground plane is varied, good impedance matching
and high isolation can still be achieved.
This shows that the ground plane effect of the proposed antenna is minimized. To
further investigate the effect of the uniform branch length ratio structure, the surface
current distributions at 3.6GHz and 7.8GHz are shown in Figure 4.6. When port 1
is excited, the current from the radiator tend to couple the port 2 has been blocked
by the uniform branch length ratio structure and cannot flow to the other radiator
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Figure 4.2: Simulated reflection coefficient and isolation coefficient for different with
branches (a) |S11| and |S22| (b) |S12| and |S21|
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Figure 4.3: Simulated reflection coefficient and isolation coefficient for different values
of ‘d’ (a) |S11| and |S22| (b) |S12| and |S21|
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Figure 4.4: Simulated reflection coefficient and isolation coefficient for different values
of ‘Wg’ (a) |S11| and |S22| (b) |S12| and |S21|
through the common ground plane at all these frequencies. The effect is same, when
port 2 is excited. This shows that the designed antenna can efficiently enhance the
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Figure 4.5: Simulated reflection coefficient and isolation coefficient for different values
of ‘Lg’ (a) |S11| and |S22| (b) |S12| and |S21|
Figure 4.6: Simulated surface currents distribution of the diversity antenna (a) An-
tenna 1 at 3.6 GHz and 7.8 GHz, (b) Antenna 2 at 3.6GHz and 7.8GHz
isolation between the radiators across the whole UWB. Figure 4.7 shows the simulated
3D radiation patterns for the antenna 1 and antenna 2 at 3.6GHz, 5.8GHz, 7.8GHz
and 10.2GHz. It can be noticed that the gain of the proposed monopole antenna at
all the frequencies within the bands is more than 2dBi. The 3D radiation patterns
are Omni-directional towards the lower frequency band and remain nearly Omni-
directional with multiple lobes towards the higher frequency band.
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Figure 4.7: Simulated 3D gain radiation patterns for the antenna 1 and antenna 2:
(a) and (b) at 3.6GHz, (c) and (d) at 5.8GHz, (e) and (f) at 7.8GHz and (g) and (h)
at 10.2GHz
4.2.2 Experimental verification
The measured impedance bandwidths for |S11| and isolation |S21| using vector net-
work analyzer ( Agilent Model no.: N5230A) is shown in Figure 4.8. The measured
impedance bandwidths (|S11| ≤ −10dB ) cover the whole UWB band. The port 2 has
same impedance response (|S22|) as that of port 1. The isolation within the impedance
bandwidth is greater than -20dB.
Radiation performance at operating frequency across the impedance bandwidth
(3.1GHz and 10.6GHz) has been evaluated. At frequencies of 3.6GHz, 7.8GHz and
10.2GHz both X-Z and Y-Z planes were measured and is shown in Figure 4.9. During
measurement, only port 1 is excited, while port 2 is terminated with 50Ω load and
vice versa. It is seen that the radiation patterns tend to cover complementary space
region, which provide spatial diversity for the system. The system switches between
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Figure 4.8: Measured and simulated reflection coefficient and isolation curves (a)
|S11|, (b) |S21|
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Figure 4.9: Measured radiation patterns of the antenna 1 in X-Z and Y-Z plane at
(a) 3.6GHz, (b) 7.8GHz and (c) 10.2GHz
the two monopoles to obtain maximum signal strength. This operation overcomes the
multipath fading problem and enhances the systems performance.
4.3 Semi circular shaped diversity antenna
4.3.1 Antenna geometry and simulation results
The configuration of the proposed UWB antenna is shown in Figure 4.10. The diver-
sity antenna consists of two symmetric semi-circular shaped radiators. It is printed
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Figure 4.10: Geometry of the 2 element semi circular shaped diversity antenna (a)
Top layer (b) Bottom layer (c) Top View
Table 4.3: Dimensions of 2 element semi circular shaped diversity antenna
L W L1 W1 L2 W2 L3
35mm 30mm 09mm 3mm 07mm 01mm 12.5mm
W3 Lg W4 Wf Wg R d
02mm 9.5mm 03mm 01mm 12mm 4.2mm 3mm
on upper part of the substrate with dimensions L mm × W mm ×h mm and the
substrate had a relative permittivity 2.4. Two radiators are separated by 3mm from
each other and are symmetrically positioned with respect to the Y-axis. The radi-
ators are excited via 50Ω microstrip lines of 1.5mm width. The wideband isolation
between the two UWB radiators can be efficiently enhanced by using central strip
that extends vertically from the ground plane printed on backside of the substrate.
The central strip located at the center of the ground element. It suppresses direct
coupling between two antenna elements. The central strip acts as alternate current
path, allowing the current to flow through arms of the strip.
As the distance ‘d’ between the radiators increased, there is an upward shift in the
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Figure 4.11: Simulated reflection coefficient and isolation coefficient curves for differ-
ent ‘d’ values (a) |S11| and |S22| (b) |S12| and |S21|
higher edge frequency. The isolation is mainly affected at the lower and upper edges
of the pass-band as shown in Figure 4.11. Figure 4.12 illustrate simulated reflection
coefficients |S11| |S22| and |S21| |S12| using electromagnetic software. It is observed
that the isolation characteristic is improved significantly by increasing the stub size
above the ground plane. The optimal dimensions of the designed antenna are listed
in Table.4.3
In Figure.4.13, the surface current distributions at 3.4GHz, 5GHz and 7GHz are
shown. Port 1 is excited while port 2 is terminated with 50Ω load and vice versa. The
current distribution near the radiator 2 is much smaller than those in the antenna
without the stub. It is clear from the Figure.4.13 that the current distribution in
the stub is very strong. This arrangement reduces the mutual coupling and increases
isolation between the two monopole radiating elements.
4.3.2 Experimental verification
The measured |S11| and isolation coefficient |S21| are measured using vector network
analyzer and is presented in Figure 4.14. According to the measurement results, the
impedance bandwidth (|S11| ≤-10dB) covers the whole operating band. The port
2 has the same impedance response (|S22|) as that of port 1. The isolation within
the impedance bandwidth is -18dB. The measured E-plane(XZ, Co-pol.and Cross-
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Figure 4.12: Simulated reflection coefficient and isolation coefficient curves for differ-
ent iterations (a) |S11| and |S22| (b) |S12| and |S21|
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Figure 4.13: Simulated surface current distributions with port 1 excitation at (a)
3.4GHz, (b) 5GHz and (c) 7GHz
pol.) and H-plane(YZ, Co-pol. and Cross pol) radiation patterns at three frequencies
3.4GHz, 5GHz and 7GHz are shown in Figure 4.15. During measurement, only port 1
is excited, while port 2 is terminated with 50Ω load. The antenna radiation patterns
are omnidirectional in lower resonant frequency band and nearly omnidirectional in
higher resonant frequency band.
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Figure 4.14: Measured and simulated (a) reflection and (b) isolation coefficients of
semi circular diversity antenna
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Figure 4.15: Measured radiation patterns of the antenna 1 in X-Z and Y-Z plane at
(a) 3.4GHz, (b) 5GHz, and (c) 7GHz
4.4 Band-Notched Diversity Antenna
In this section, thin slot resonators are incorporated within the semi octagon shaped
diversity radiator patch and radiating plane of the semi circle antenna to notch out
the 3.5 and 5.5 GHz WLAN bands. The investigations include a parametric analysis
by varying the slot dimensions. The slot parameters control the center frequency,
width of the rejection band as well as the peak |S11| of the rejection band.
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Figure 4.16: Geometry of a notched semi octagon shaped diversity antenna
4.4.1 Band-notched semi octagon shaped diversity antenna
The inverted L-shaped stub is symmetrically placed on the semi octagon shaped diver-
sity antenna, which filters out the undesired frequency without disturbing the antenna
characteristics in the rest of the band. The stubs are placed at distance of 0.5mm
from the top end of the radiating element. The stubs consist of two orthogonally
connected segments with length (LS) and width (WS). The total length of each stub
is approximately λg/4 at 3.5GHz. At the notch frequency(fN), the current is flowing
on the stubs in opposite directions (out-of phase) as the current on the antenna edges.
This affects the antenna to operate in transmission line mode, which transfers high
impedance at the top of the notch band. Due to this effect, nearly zero impedance
is found at the feed point. This creates high attenuation near the notch frequency.
Figure 4.16 shows the geometry of the band-notched semi octagon shaped diversity
antenna.
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Figure 4.17: Simulated reflection coefficient with frequency for different values of (a)
Ls, and (b) Ws
Simulated and Measured Results
Figure 4.17 (a) and (b) depicts the |S11| for various lengths of the inverted L-shape
stub. The length of the stub has a significant effect on the notched frequency. The
notched frequency shifts from 3GHz to 3.5GHz as the length of the inverted L-shape
changes around Ls varying from 12.5mm to 15.5mm(Ws=2.2mm) where as Ws vary-
ing from 1.8mm to 2.4mm(Ls=14.5mm). This is because of the fact that the notched
frequency of inverted L-shape stub is inversely proportional to the length of the res-
onator. The band-notched property is also observed in radiation patterns at Figure
4.18 and Figure 4.19, where the simulated 3D radiation patterns are plotted at 3.5GHz,
4.2GHz and 10.2GHz. At 3.5GHz a distinct reduction in radiation pattern is around
10dB along all directions. Figure 4.18 (d) shows that the surface current distribution
appears stronger around the stub at the notched frequency 3.5GHz. It is more con-
centrated at the farthest sides of the slot and is oppositely directed along its lower
and upper edges. This leads to destructive interference of the excited surface currents
in the patch
Figure 4.20 shows the measured reflection coefficient of the antenna which shows
reasonable comparison with simulated plots. The antenna exhibits the band-notched
performance in the frequency range of 3.3GHz to 3.8GHz. The measured radiation
patterns of the antenna are plotted in Figure 4.21 at 4GHz, 7GHz and 9.2GHz in
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Figure 4.18: Simulated radiation patterns of a notched semi octagon shaped diversity
antenna1 at (a) 3.5GHz, (b) 4.2 GHz, (c) 10.2GHz and (d) the current distribution
at 3.5GHz
Figure 4.19: Simulated radiation patterns of a notched semi octagon shaped diversity
antenna2 at (a) 3.5GHz, (b) 4.2 GHz, (c) 10.2GHz and (d) the current distribution
at 3.5GHz
62
Chapter 4 Planar Diversity Antenna
2 4 6 8 10 12
-30
-20
-10
0
 
 
R
ef
le
ct
io
n 
C
oe
ffi
ci
en
t  
(d
B
)
Frequency(GHz)
 Measurement
 Simulation
3.3GHz
3.8GHz 12GHz
Figure 4.20: Measured reflection coefficient with frequency for notched semi octagon
shaped diversity antenna 1
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Figure 4.21: Measured radiation patterns of the antenna1 in X-Z and Y-Z plane at
(a) 4GHz, (b) 6GHz and (c) 9.2GHz
E and H planes. During measurements, Port 2 is terminated with a 50Ω load when
Port 1 is excited and vice versa. Comparing the patterns when Port 1 and Port 2 are
separately excited, it can be observed that they cover complementary spatial regions
symmetrically with respect to the y-z plane. The patterns are relatively stable across
the impedance bandwidth.
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(a) (b)
Figure 4.22: Photograph of proposed semi octagon shaped diversity antenna (a) with-
out bandnotch, (b) with bandnotch
The photographs of the proposed antenna with and without bandnotch are shown
in Figure 4.22. The antenna gain has been measured and presented in Figure 4.23.
Only the gain for Port 1 is presented here. Due to the symmetry of the structure, the
gains of the antenna2 are almost the same.
Diversity Performance
Antenna diversity techniques are used increase the spectrum efficiency in mobile com-
munication systems and the mutual coupling of the antenna degrades the performance
of a diversity antenna system. Therefore the correlation coefficient is important pa-
rameter in diversity antenna. The correlation coefficient is a statistical tool that
measures the degree of similarity among the received signals. Its modulus varies from
0 to 1. Ideally, the diversity systems require a correlation coefficient of zero or low by
default.
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Figure 4.23: Measured peak gains of semi octagon shaped diversity antenna
These parameters can be viewed by three ways: complex, envelope and power
correlation coefficients. Complex correlation coefficient gives the complex measure of
correlation between received signals at the antennas. This is given by relationship [92]
ρc =
∫ 2pi
0
∫ pi
0
(
XPREθk (θ, ϕ)E
∗
θl (θ, ϕ)Pθ (θ, ϕ) + Eϕk (θ, ϕ)E
∗
ϕl (θ, ϕ)Pϕ (θ, ϕ)
)
sin θdθdϕ√
σ2kσ
2
l
(4.1)
where σ2k and σ
2
l represent the variances of k
th and lth branches which can be written
mathematically as
ρc =
∫ 2pi
0
∫ pi
0
(XPRGθk (θ, ϕ)Pθ (θ, ϕ) +Gϕk (θ, ϕ)Pϕ (θ, ϕ)) (4.2)
also
Gθk (θ, ϕ) = Eθk (θ, ϕ)E
∗
θl (θ, ϕ) (4.3)
Gϕk (θ, ϕ) = Eϕk (θ, ϕ)E
∗
ϕl (θ, ϕ) (4.4)
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where ‘XPR’ is the cross polarization ratio, Eθk and Eϕl are the complex electric fields
in the directions of θ and ϕ respectively for the kth antenna. Similar expressions are
valid for lth antenna. Usually, the envelope correlation is presented to evaluate the
diversity capabilities of MIMO systems [93]. These parameters are always real and by
definition give the correlation among the amplitudes of the signals at antennas. For
Rayleigh fading channel, the envelope correlation can be given as follows:
ρc = |ρc|2 (4.5)
It is clear that Envelope Correlation Coefficient (ECC) should be preferably com-
puted from the 3D radiation patterns but it becomes tedious. However, assuming
that the diversity system will operate in a uniform multi-path environment, the ECC
can be calculated from the S-parameters using the relationship (4.6) [94].
ρc =
|S∗11S12 + S∗21S22|
(1− (|S11|2 + |S21|2)) (1− (|S22|2 + |S12|2)) (4.6)
The simulated and measured ECC across the desired frequency band are shown in
the Figure 4.24. As can be seen, the value of ECC is well below the practical threshold
value of 0.5 throughout the UWB band. Similarly, the capacity loss (bits/Hz) is
another performance parameter which characterizes quality of a MIMO/Diversity
antenna system. The channel capacity is the tightest upper bound on the rate of
information that can be reliably transmitted over a communication channel. This can
be defined using the correlation matrix given in [95], and is calculated by using the
following equation.(4.7) [96].
Closs = − log2 det
(
ΨR
)
(4.7)
where ΨR is the receiving antenna correlation matrix that is given by:
ΨR =

 ρ11 ρ12
ρ21 ρ22


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Figure 4.24: Simulated and measured (a) Envelope correlation coefficient(ECC) with-
out bandnotched (b) Envelope correlation coefficient(ECC) with bandnotched.
2 4 6 8 10 12
0
2
4
6
8
 
 
C
ap
ac
ity
 lo
ss
 (b
its
/H
z)
Frequency (GHz)
 Measured with Bandnotch
 Simulated with Bandnotch
2 4 6 8 10 12
0
2
4
6
8
 
 
C
ap
ac
ity
 lo
ss
 (b
its
/H
z)
Frequency(GHz)
 Measured without Bandnotch
 Simulated without Bandnotch
(a) (b)
Figure 4.25: Simulated and measured (a) Capacity loss antenna without bandnotched
(b) Capacity loss antenna with bandnotched
where, ρii= 1- (|Sii|2 − |Sij|2) and ρij= -
(|S∗iiSij + S∗jiSij|) for i, j = 1 or 2.
The comparison of measured and simulated capacity loss values of the proposed
antenna are shown in Figure 4.25. It can be observed that the capacity loss does not
exceed 0.3 bits/Hz except bandnotched antenna and is well below the threshold value
0.4 bits/Hz for the throughout UWB band.
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Figure 4.26: Geometry of a notched semi circular diversity antenna
4.4.2 Band-notched semi circular diversity antenna
The band rejection mechanism is achieved for the semi circle diversity antenna by
introducing Complementary Electric Inductive Capacitive (CELC) resonator inside
the patch as shown in Figure 4.26. According to the babinet principle, as CELC could
provide a predominantly electric response, the predominantly magnetic response could
be observed in the complement ELC. Based on current distribution, it is observed that
the center part of the radiating element has low current density. Therefore as shown
in Figure 4.26, the CELC placed near microstrip feed line at a height ‘h’
Design and Simulation Results
The simulated reflection coefficient of the antenna for different slot parameters namely
the slot width S1, length S2, and position ‘h’ and ‘t’ from the edge of the radiator are
plotted in Figure.4.27. The dimensions of circular antenna remain same as in Table
4.3. It is observed from Figure 4.27 (a) that the center frequency of the notched band
is determined by the slot width S1 and is approximately given by
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Figure 4.27: Simulated reflection coefficient and isolation coefficient with frequency
for different values of S2 and t
S1 =
λg
2
(4.9)
where λg = λo/
√
ǫef f , ǫef f ≈ (ǫr + 1)/2 and λo is free space wavelength at the
rejection frequency. This is confirmed in Figure.4.27 (b) which shows that on keeping
S1 constant and changing the slot position, the notch frequency remains same but
the matching varies. The dimension of the slot described in the radiator circle is
deduced using equation (4.9) at a notch frequency of 5.5GHz and are as follows: S1
= 8mm, S2 = 6mm, t = 1mm, h = 6.5mm, d = 0.5mm. Figure 4.28 and 4.29
shows the simulated 3D radiation patterns and surface current distribution respective
frequency at 3.3GHz, 5.8GHz, and 8.6GHz It can be observed that the gain of the
antenna at all the frequencies is more than 3dBi. The 3D patterns are omnidirectional
towards the lower frequency band. In addition with 5.8GHz the current distribution
mainly concentrated at the area of CELC resonator. It causes the antenna to be
non-responsive at that frequency. The impedance changes make large reflection at
the desired notched frequency.
The simulated and measured reflection coefficient and isolated coefficient curve for
this antenna with and without the slot are plotted in Figure 4.30. Good agreement
between the simulated and measured results is observed. It reveals a |S11| ≤ 10dB
reflection coefficient bandwidth from 3.2GHz to 12GHz. In the pass band, the reflec-
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Figure 4.28: Simulated radiation patterns of a notched semi circular diversity an-
tenna1 at (a) 3.3GHz, (b)5.8 GHz, (c) 8.6 GHz and (d) the current distribution at
5.8GHz
Figure 4.29: Simulated radiation patterns of a notched semi circular diversity an-
tenna2 at (a) 3.3GHz, (b)5.8 GHz, (c) 8.6 GHz and (d) the current distribution at
5.8GHz
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Figure 4.30: Measured reflection coefficient for a notched semi circular diversity an-
tenna
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Figure 4.31: Measured radiation patterns of the antenna 1 in X-Z and Y-Z plane at
(a) 3.3GHz, (b) 4.5GHz and (c) 8GHz
tion coefficient of the original UWB antenna is only slightly affected by the presence
of the slot. The measured radiation patterns at XY and YZ cut planes are shown in
Figure 4.31.
During the measurements, only antenna 1 is excited while antenna 2 is terminated
with 50Ω load. It can be seen from Figure 4.31, those patterns are omni-directional
but it is nearly omni-directional with some multiple lobe towards the higher frequency
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Figure 4.32: Simulated and measured (a) Envelope correlation coefficient (ECC) with-
out bandnotched, (b) Envelope correlation coefficient(ECC) with bandnotched.
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Figure 4.33: Simulated and measured (a) Capacity loss antenna without bandnotched,
(b) Capacity loss antenna with bandnotched
band. In the proposed diversity antenna, the radiator is placed symmetrically, there-
fore, it will provide complementary patterns when one antenna is excited at a time
and the other antenna is with match terminated.
The envelope correlation between antennas can be calculated using (4.6) as shown
in Figure 4.32. The value of ECC is well below the practical threshold value of
0.5 except bandnotch frequency. Similarly the capacity loss (bits/Hz) is another
parameter which characterizes quality of diversity antenna systems. Figure 4.33 shows
the capacity loss of the proposed antenna system, using Equation.4.7, the capacity
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(a) (b)
Figure 4.34: Photograph of proposed semi circular diversity antenna (a) without
bandnotch, (b) with bandnotch
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Figure 4.35: Measured peak realized gain of semi circular diversity antenna
loss calculated as below 0.3bits/Hz.
The photographs of the proposed antenna with and without bandnotch are shown
in Figure 4.34. The measured gain for both antennas are plotted in Figure 4.35, the
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Table 4.4: Comparison between proposed works with existing works.
Antenna type Size(mm) Bandwidth Isolation
loss
Gain
Compact wide-
band MIMO
antenna [97]
78×40×1.6 2.4GHz -
6.55GHz
-18dB upto
5dBi
An ultra wide-
band diversity
antenna [98]
37×45×1.6 3GHz-5GHz -20dB 6dBi
Printed ultra
wideband diver-
sity monopole
antenna [99]
48×30×1.6 2.2GHz to
7.7GHz
-20dB 4dBi
Semi octagon
shaped diversity
antenna
40×40×1.6 3GHz-
12GHz
-20dB 5dBi
Semicircular di-
versity antenna
35×30×1.6 2.8GHz to
12GHz
-18dB 5.5dBi
measured maximum peak realized gain is 6.5dBi. Due to symmetry of the antenna
structure and their common fabrication tolerances; the gain values of the two radiators
are almost same. Therefore, only the gain of the antenna 1 is measured, when the
antenna 2 is terminated with a 50Ω matched load. Table (4.4) shows comparison of
antenna performance between proposed works here along with existing works.
4.5 Summary
Two types of diversity antennas (a) semi octagon shaped diversity antenna and (b)
semi circular diversity antenna are presented in this chapter. The compact semi
octagon shaped antenna is designed to operate 3GHz to 12GHz. Simulated results
show that adding branch lengths structure in ground plane for reduction of mutual
coupling between two antennas. Use of a compact ground plane improves reduction in
the overall size of the antenna. Measured results indicate a large impedance bandwidth
with relatively stable and omnidirectional radiation patterns, which make the design
suitable for broadband wireless communication applications. A quarter wavelength
tuning stub is integrated with radiating element for filter action which in the case
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is optimized to notch out 3 3GHz to 3.8GHz. In the final section, a semi circular
diversity antenna for UWB application is presented. The impedance bandwidth of the
designed antenna ranges from 2.8GHz to 12GHz. A half wave length slot inscribed on
the radiating element for bandnotched function in the frequency of 5.5GHz. However,
to ascertain the performance of the antenna for transmission of short UWB pulse in
nano seconds duration, the UWB slot antenna need to be analyzed in time domain.
This aspect of the antenna is studied in detail chapter 5.
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Time Domain Analysis of Planar Antennas
In Chapter 3 and Chapter 4, UWB planar monopole and diversity antennas have been
investigated with an emphasis on their frequency domain performances. These anten-
nas are well-matched in 3.1GHz to 10.6GHz communication bands. Since they have
been behaving differently while transmitting and receiving large fractional bandwidth
pulses, their time-domain studies of extreme importance for high speed pulse commu-
nications. In this thesis, the measurements are carried out in the frequency domain
and the time domain parameters are deduced by taking inverse Fourier transform and
is found equally accurate as the direct time domain measurements [100].
In this chapter, time domain characteristics of UWB planar monopole and diversity
antennas are analyzed. Firstly, performances of these UWB antennas are evaluated
for system point of view. Secondly, the transmitter and receiver responses of UWB
antennas are investigated. And finally, a convolution approach is used to obtain the
measured received pulses and the transmitting and receiving antenna systems are
assessed for pulse fidelity.
5.1 Transfer Function Determination
In this thesis, the antenna is modeled as a Linear Time Invariant (LTI) system charac-
terized by its transfer functionH(ω, θ, φ) [101,102], whose magnitude and phase would
completely define the antenna behavior. The antenna impulse response h(t, θ, φ) can
be calculated by inverse Fourier transformation of its transfer function.
Figure 5.1 presents a system model of a radio link made up of two antennas in
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Figure 5.1: UWB channel model (a) classical (b) contemporary
free space under the approximation of far-field and line-of-sight propagation [103]. It
consists of three blocks: the transmitting antenna (Tx), the free space channel and the
receiving antenna (Rx). Each block is characterized by transfer functionsHTx(ω, θ, φ),
HCH(ω) and HRx(ω, θ, φ), and associated impulse responses htx(t, θ, φ), hch(t) and
hrx(t, θ, φ) respectively. The transient transmission is written in the frequency domain
and the time domain given in (5.1) and (5.2)
s(ω) = H(ω, θ, φ)e(ω) = HTx(ω, θ, φ) ·HCH(ω) ·HRx(ω, θ, φ) · e(ω) (5.1)
s(t) = h(t, θ, φ)⊗ e(t) = Htx(t, θ, φ)⊗HCH(t)⊗ h(t, θ, φ)⊗ e(t) (5.2)
where H(ω, θ, φ) and h(t, θ, φ) are the overall system transfer function and impulse
response, respectively. Figure 5.1 (a) presents the classical approach to characterize
an ideal UWB channel. The emission model takes into account the Tx and the
channel jointly, while in reception only the Rx antenna is considered [100]. The
transmitting and receiving antennas are characterized by eliminating channel effects
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which is adapted for the present study as shown in Figure 5.1 (b)
5.1.1 Transient reception and radiation
The time domain relation between the received voltage pulse URx(ω, θ, φ) and the
incident electric field pulse Erad(ω, θ, φ) is shown in (5.3) and (5.4) [104]
URx(ω, θ, φ)√
Zc
= hRx(ω, θ, φ)
Erad(ω, θ, φ)√
Zo
(5.3)
urx(ω, θ, φ)√
Zc
= hrx(ω, θ, φ)⊗ Erad(ω, θ, φ)√
Zo
(5.4)
The frequency domain relation between the transmitted electric field pulse and
the incident voltage pulse is given in (5.5)
Erad(ω, θ, φ)√
Zo
= hTx(ω, θ, φ)⊗ uTx(ω, θ, φ)√
Zc
(5.5)
where Zc and ZO are the characteristic impedance of the antenna port respectively.
From (5.3) and (5.5), it is possible to determine the full input/output characteristics
in both frequency and time domains
S21(ω) =
URx(ω, θ, φ)
UTx(ω, θ, φ)
= HTx(ω, θ, φ)HCH(ω)HRx(ω, θ, φ) (5.6)
uRX(tθ, φ)
uTX(t, θ, φ)
= htx(ω, θ, φ)⊗ hch(t)⊗ hrx(t, θ, φ) (5.7)
5.1.2 Implementation in CST microwave studio software
For the time domain characterization of the antenna discussed in this thesis, fourth
derivative of the Gaussian pulse is chosen as input pulse whose mathematical form is
given in Equation (5.8). This pulse is shown in Figure 5.2 (a)
Si (t) = A
[
3− 6
(
4π
T 2
)
(t− τ)2 +
(
4π
T 2
)
(t− τ)4
]
e−2pi(
t−τ
T
)
1
(
V
m
)
(5.8)
This pulse conforms to FCC spectral mask as shown in Figure 5.2 (b), where A =
78
Chapter 5 Time Domain Analysis of Planar Antennas
Figure 5.2: UWB channel model (a) Input pulse (b) Power spectral density
0.333 and T = 0.175 nS. For the antennas discussed in this thesis, the input voltage
hTx(t) (=si(t)) is specified in CST Microwave Studio suite and the radiated pulse
erad(t, θ, ϕ) is calculated on face to face and side by side planes. Fourier transforms of
these two quantities are then calculated using Equation (5.7) in order to calculate the
transfer function HRx(ω, θ, φ). The impulse response hRx(t, θ, φ) can be calculated
using an IFFT.
In practice, from a simple measurement of the scattering parameter |S21| in the
frequency domain, transfer functions of both the transmitting and receiving antennas
can be deduced. Using two identical horn antennas oriented for bore sight transmis-
sion, the following relations are derived from Equation (5.7)
HTX (ω, θ, φ) =
√
j
2π
(ω
c
)2 |S21| (ω, θ, φ)
HCH (ω, θ, φ)
(
m−1
)
(5.9)
HRX (ω, θ, φ) =
√
2π
j
( c
ω
)2 |S21| (ω, θ, φ)
HCH (ω, θ, φ)
(m) (5.10)
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HCH (ω) =
c
2dω
exp
(−jwd
c
)
(5.11)
where the free space transfer function is shown in equation 5.11 with the reference
antenna as the TX antenna and the AUT as the receiving antenna. The received
transfer function of the AUT is deduced for multiple orientations and is given in
Equation (5.12)
HAUT (ω, θ, φ) =
|S21| (ω, θ, ϕ)
HTX (ω)HCH (ω)
(5.12)
5.2 Measurements with the Prototype Antennas
The measurement of the proposed antenna is carried out in an anechoic chamber with
the help of vector network analyzer. The antenna system is comprised of two identical
UWB antennas, as shown in Figure 5.3 (a). Since UWB technology is mainly employed
in WPAN systems in the measurements, the transmitter and receiver are vertically
placed with a separation of d=0.3m. Further, to investigate the system performance in
different directions, two antennas are measured in two different orientations, namely
face to face and side by side, respectively as shown in Figure 5.3 (b)
The measured antenna transfer function amplitudes are plotted in face to face and
side by side plane as shown in Figure (5.4). It is observed that the magnitude of the
transfer function has low ripples. The group delay deduced from the phase of the
measured transfer function as in Equation (5.13) is plotted in Figure5.5 for two face
to face and side by side plane. Except at the notched frequencies of the band notched
designs given in Figure 5.13, the measured group delay is within the tolerable range
of ±1ns.
τg(ω) = −dϕ(ω)
dω
(5.13)
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Figure 5.3: (a) System set-up (b) Antenna orientation: Face to Face and Side by Side
5.3 Impulse Responses of UWB Antennas
The transient behaviors of the antennas are assessed from their impulse responses
which are obtained by taking the inverse Fourier transform of the transfer functions.
The UWB antenna quality measures, namely the FWHM and ringing are directly
deduced from the magnitude of the impulse responses.
5.3.1 Pulse distortion analysis: Fidelity factor
The antenna performance as a transmit-receive system is assessed based on Equation
(5.14).
F = max
∫
x(t)
∫
y(t− τ)dt√∫
x(t)2 dt.
∫
y(t)2 dt
(5.14)
The measured output pulses for both face to face and side by side orientations of
the antennas are plotted with respect to the normalized face to face response and is
plotted in Figure5.6. It can be observed that the band notched designs exhibit ringing
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Figure 5.4: The measured transfer function in the face to face and side by side planes of
the (a) octagon shaped monopole antenna (b) band notched octagon shaped monopole
antenna (c) semi circular disk monopole antenna (d) band notched semi circular disk
monopole antenna (e) semi octagon shaped diversity antenna (f) band notched semi
octagon shaped diversity antenna (g) semi circular diversity antenna (h) band notched
semi circular diversity antenna
82
Chapter 5 Time Domain Analysis of Planar Antennas
Figure 5.5: The measured group delays in the face to face and side by side planes of
the (a) octagon shaped monopole antenna (b) band notched octagon shaped monopole
antenna (c) semi circular disk monopole antenna (d) band notched semi circular disk
monopole antenna (e) semi octagon shaped diversity antenna (f) band notched semi
octagon shaped diversity antenna (g) semi circular diversity antenna (h) band notched
semi circular diversity antenna
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Figure 5.6: Simulated and measured transmitted pulses by two identical antennas in
their face to face and side by side orientations (a) octagon shaped monopole antenna
(b) band notched octagon shaped monopole antenna (c) semi circular disk monopole
antenna (d) band notched semi circular disk monopole antenna (e) semi octagon
shaped diversity antenna (f) band notched semi octagon shaped diversity antenna (g)
semi circular diversity antenna (h) band notched semi circular diversity antenna.
effects. In case of the octagon shaped monopole antennas (Figure 5.6 (a) and (b) even
though the output pulses are slightly distorted, they remain in acceptable range. But
the maximum amplitude of the received waveform for the side by side case is about
20% lower than that of the face to face case.
The semi circular disk and circular diversity antennas show very little difference in
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Table 5.1: Measured fidelity of the transmitted pulses
Antennas
Face to Face Side by Side
Simulated Measured Simulated Measured
Octagon shape monopole 95 88 83 80
Band notched octagon shape monopole 88 82 77 72
Semi circular disk monopole 95 91 94 92
Band notched semi circular disk monopole 91 87 91 86
Semi octagon shaped diversity 93 92 89 88
Band notched semi octagon shaped diversity 90 86 85 83
Semi circular diversity 89 88 86 84
Band notched semic circular diversity 85 83 82 81
the face to face and side by side cases. The fidelity factor for the measured pulses are
tabulated in Table 5.1 for the antennas with face to face and side by side orientations.
5.3.2 Time domain parameters
The antenna effects on the signal transmission can be analyzed by considering the
envelope of the transient response as shown in Figure 5.7, which localizes the distri-
bution of energy versus time and is a direct measure for the dispersion of the antenna.
The Fourier transform of the transfer function gives a complexs response, so a real
valued antenna impulse response, hr(t, θ, ϕ) is as in equation 5.15
hr(t, θ, ϕ) = hRX(t, θ, ϕ) (5.15)
The peak output voltage from an incident waveform depends on the peak value p(θ, ϕ)
of the antenna’s transient response and shown in Equation (5.16)
p(θ, ϕ) = max hr(t, θ, φ) (5.16)
The duration of the antenna transient response, which can be evaluated through
its Full Width at Half Maximum (FWHM), defined as, Equation (5.17)
FWHM0.5(θ, φ) = t2 |p/2− t1|p /2 t1 < t2 (5.17)
The duration in ringing is defined as the time until the envelope has fallen from
the peak value to below a fraction α of the main peak, Equation (5.18)
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Figure 5.7: Impulse response, its envelope and time domain related parameters
Ringingα = t2 |αp− t1|p t1 < t2 (5.18)
The lower bound for α is chosen according to the noise floor of the measurement.
In order to compare the ringing of antennas with different gains under the constraint
of constant noise floor, the fraction α is chosen to be α =0.22. The UWB antenna
quality measures, namely the FWHM and ringing are directly deduced from the
magnitude of the impulse response envelop as in Equations (5.16),(5.17) and (5.18).
An ideal antenna for UWB portable applications should show a uniform impulse
response performance for different antenna orientations with minimum FWHM and
ringing.
The impulse response deduced from the measured transfer functions are plotted
in face to face and side by side orientation planes in Figure5.6. Most of the responses
resemble the delta function. The increase in ringing is clearly observed in case of the
band notched antenna designs in Figure5.6.(b), (d) and (f). To compare the antenna
performance qualitatively, the measured FWHM and ringing, derived using Equations
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5.17 and 5.18 and are tabulated in Table 5.2. Those appear to be well matched and
a narrow FWHM (<200pS) is seen in face to face case, within ±600 of side by side
in most of the cases. The band-notched antenna designs record a clear increase in
ringing (> 400pS). The planar octagon and the semi circular disk monopole show
superior transient response with in the band which is having a uniform response and
minimum spatial variations in the face to face. In the case of the diversity antenna,
even though it shows a reasonably good performance in the face to face, it has a
slightly narrower performance in the side by side plane. This matches well with the
magnitude distortion noted in their transfer function plots in the face to face plane,
shown in Figure 5.4
Table 5.2: FWHM and ringing in face to face and side by side planes
Antenna
Face to Face Side by Side
FWHM Ringing
Simulated Measured Simulated Measured
Octagon shape monopole 104 117 316 327
Band notched octagon shape monopole 109 125 344 408
Semi circular disk monopole 183 160 413 440
Band notched semi circular disk monopole 189 152 426 442
Semi octagon shaped diversity 154 112 327 336
Band notched semi octagon shaped diversity 120 155 432 472
Semi circular diversity 180 152 410 430
Band notched semi circular diversity 189 160 420 438
5.4 Summary
In this chapter, the transfer characteristics of the antennas are presented for UWB
applications and are studied. This would confirm their suitability for pulsed UWB
applications and is quantified further by their pulse distortion analysis. Any distor-
tion in the frequency domain and abrupt discontinuity in the antenna geometry are
reflected in the time domain as dispersion, the FWHM and ringing measurement.
Fidelity, which is the cross correlation of the transmitted and received pulses, mea-
sures the effects of the antenna on the transmitted pulse. The study reveals a close
correspondence between the geometry of the antenna with its performance in the time
domain. The surface current distribution analysis has revealed a relative shift in the
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phase center for the different frequencies of operation in case of the planar octagon
monopole shaped antenna which is relatively large in size compared to the rest (width
≈ 30mm). So, for certain frequencies, the surface currents from different parts of the
antenna combine out of phase while receiving a signal depending on the antenna ori-
entations. By reciprocity, the antenna exhibits this feature in transmitting mode as
well. This results in distorted radiation patterns which occur at the upper end of the
UWB spectrum. Thus we can conclude here, that wider bandwidth is ensured by a
smooth impedance transformation in the antenna geometry at the cost of its increased
size. It is basically the antenna phase center location over the operating frequency
which determines its suitability for the pulsed UWB operation. As studies reveal in
case of the semi circular disk and the diversity antenna, a compact size with good
impedance matching within the UWB 3.1 to 10.6GHz band and a uniform response in
terms of the space coordinates would be better option for portable UWB applications
than antennas with a large bandwidth and that consume PCB space. The retardation
caused by any displacement in the antenna phase center location by such compact
antennas (width ≈ 20mm) is negligible for nano-sec pulses.
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Conclusion and Future Work
This chapter summarizes and highlights the conclusions drawn from the present study.
This is followed by few suggestions for future work.
6.1 Summary
In this thesis, a comprehensive study on the design, simulation, testing and charac-
terization of UWB antennas is presented, taking the extra constraints placed on the
antenna designs to account for pulse based operations. Frequency and time domains
analysis have been used for analyzing strengths and weaknesses of the antenna de-
signs.
Four compact antennas have been designed and analyzed. These include octagon
shaped monopole antenna, semi circular disk monopole antenna, semi octagon shaped
diversity antenna and semi circular diversity antenna. The evolutions of the designed
antennas are investigated in detail to have an insight into their wideband behavior.
The design aspects based on the geometrical parameters of the antenna are firstly
investigated. The simulation studies in terms of their return loss and current/field
distribution on the antenna at different resonances, reveal their dependence on the
antenna dimensions.
The design incorporate thin slot resonators inscribed within the radiator and /or
ground patch to reject narrow frequency bands. Such embedded filters avoid the
use of additional filter in the circuits which may not be desired for portable wireless
systems with space constraints
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A brief summary of the different antennas designed are;
(i) Octagon shaped monopole antenna:
This antenna has a simple structure providing wide band operation (3GHz to>11GHz),
and omnidirectional radiation pattern especially at the lower end of the spectrum. The
octagon shaped monopole as well as the ground plane forms a quasi-dipole antenna at
its lowest resonance and the extremely wide impedance band is ensured by the grad-
ual impedance transformation arrangement between the ground and the patch. The
antenna uses microstrip line fed with a size of 36×32mm2 and gain ranging from 1 to
6dBi. The narrow slot resonators are incorporated in this design to reject single and
multiple frequencies. A thin half wavelength long slot resonator is inscribed on the
radiator patch to filter out bandnotched frequencies. A combination of such multiple
slots are implemented (radiating patch as well as the ground) to adapt the antenna
for triple band operation particularly suited for the 3.5GHz/ 5.5GHz/ 8GHz WiMAX
standards.
(ii) Semi circular disk monopole antenna:
This antenna has a wide band of operation (3.05GHz to 11.2GHz). The radiating
patch is printed in the shape of semi circular disk and ground plane is square shaped
with radiator feed. The slot appears to have a significant influence on the antenna
behavior by maintaining its region of radiation almost constant. It is also observed
that the antenna performs well throughout the UWB band. Hence, it appears to
be perfectly ideal for UWB band held applications with a compact size, stable and
omnidirectional antenna pattern. The antenna gain averages around 2.5dBi. This de-
sign also incorporates triple quarter wavelength slot resonators placed near radiating
element and ground to notch out the 3.5GHz/ 5.2GHz/ 5.8GHz WLAN frequencies.
iii) Semi octagon shaped diversity antenna:
This is a compact two element UWB diversity antenna for diversity applications. The
proposed antenna provides wideband response (3GHz to 12GHz) with low isolation.
The simulation results produce the reflection coefficient, peak realized gain, enve-
lope correlation coefficients, 3D radiation patterns and current distributions. The
measured results are well matched with simulated ones. These designs also include a
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quarterwave length slot inscribed on the tuning stub to notch out the 3.5GHz WiMAX
band.
iv) Semicircular diversity antenna:
This is a compact 2 element UWB diversity antenna for diversity applications. The
proposed antenna provides wideband response with low isolation. The goal of the
design is to achieve low correlation values, low capacity loss, and high gain. The
measured results match with the simulated ones. These designs also include a half
wave length slot inscribed on the tuning slot to notch out the 5.5GHz WiMAX band.
The antennas designed for UWB operation from 3.1GHz to 10.6GHz have been
further analyzed for their time domain response in the final section of the thesis to
confirm their suitability for pulsed UWB applications. The transfer function measure-
ments are performed for both in face to face and side by side planes and their impulse
responses are deduced. The impulse response of the antennas is then characterized in
terms of FWHM and ringing. A narrow FWHM (<200pS) is seen in face to face plane
and within ±600 of side by side plane. The band-notched antenna designs record a
clear increase in ringing (> 400pS). The semi octagon shaped diversity antenna ex-
hibits the minimum variation in FWHM and ringing values for face to face and side
by side positions. The antenna’s effects on nano-second pulses are measured in terms
of the fidelity factor and values > 90% in the face to face plane are recorded for all
antennas except in case of band-notched where it is more than 80%. The semi octagon
shaped diversity antenna gives a superior performance with fidelity more than 92%
reported uniformly in the face to face plane.
Lastly, all of the designs proposed in this thesis can be conveniently used for ultra-
wideband systems. However, in the case of ground modified monopole and serrated
monopoles, a distortion in the pattern is observed at higher frequencies since the region
of radiation does not remain constant. This distortion in the frequency domain gets
reflected in the transient response of the antenna. The performance of all the designed
UWB antennas are within tolerable limits which makes them all suitable for pulsed
UWB applications.
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6.2 Limitations of the work
Some limitations of this research work are noted below,
• The transfer function measurement performed in this thesis have been restricted
to two orthogonal planes.
• The time domain measurement is limited to direct measurement. .
6.3 Future Work
Antenna design is under rapid progress with the fast development in technology in
this area. With the growing requirements of wireless communication, there are plenty
of room for improvement of antenna design. The following points discuss some possi-
ble future research directions for the work reported in this thesis.
1) New techniques should be explored to further reduce the size of the UWB anten-
nas to suit practical applications. Metamaterial is a promising entrant, since it can
reduce the antenna size greatly in theory. Although most of current metamaterial
antennas are used in narrow bandwidth application, this technique will be available
for wideband operation in the near future.
2) Due to the low power level operation of UWB systems, a typical UWB receiver
requires a low-noise amplifier. Antenna integration with low-noise amplifier may be
investigated in future.
3) Future radio systems, such as software defined radio and cognitive radio con-
cepts give rise to significant challenges for antenna design and in particular for re-
configurable antenna designs.
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APPENDIX A
Design Methodology
A.1 Introduction
This Section deals with the techniques used for the design, fabrication and measure-
ment of antennas. The design and simulations are performed using the CST MW
Studio suite v12 and HFSS v14 packages. The antennas are fabricated using pho-
tolithographic method and milling machine techniques. Vector Network Analyzer
(VNA) is used to measure antenna characteristics such as S-parameters, gain, radia-
tion patterns etc.
A.1.1 Numerical and Analytical Approaches
Scientists and engineers use several techniques in solving continuum of electromagnetic
field problems. The following methods are commonly used in electromagnetic (EM)
theory.
Analytical method (exact solution)
1. Separation of variables
2. Series expansion
3. Conformal mapping
4. Integral solution, e.g. Laplace and Fourier transformation
5. Perturbation methods
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Numerical methods (approximate solutions)
1. Finite difference method
2. Moment method
3. Finite element method
4. Transmission-line modeling
The principles of EM fields and waves are very important for the design and
development of antennas as key elements of any wireless communication system. The
need for numerical solutions of electromagnetic problems is the best expressed by Paris
and Hurd [105]; “Most problems that can be solved formally (analytically)
have been solved.” Until 1940s, the most EM problems were solved using well
known Maxwell’s equations. These equations describe all electromagnetic phenomena
of different structures and configurations. They can be expressed in their either
differential or integral forms as given in equations (A.1 to A.8) [106].
Differential form
∇. ~D = ρv (A.1)
∇. ~B = 0 (A.2)
∇× ~E = −∂
~B
∂~t
− ~M (A.3)
∇× ~H = ~J + ∂
~D
∂t
(A.4)
Integral form
{
~D.d~s = Qenc (A.5)
{
~B.d~s = 0 (A.6)
∮
~E.d~l = −∂φB
∂t
(A.7)
∮
~H.d~l = ienc + ǫ
∂φE
∂t
(A.8)
where the vectors ~E and ~H are the electric and magnetic field intensities and are
measured in units of [V/m] and [A/m], respectively. The vectors quantities ~D and ~B
are the electric and magnetic flux densities and are in units of [C/m2] and [Wb/m2].
The scalar quantities φE =
s
~D.d~S and φB =
s
~B.d~S are the electric and magnetic
fluxes and are in units of [C] and [Wb], respectively.
When the EM field problem is complex, an exact solution in a closed form may
be difficult to obtain and hence we should solve them by applying numerical tech-
niques. In this thesis, all proposed antenna structures are complex. Hence they can
be modeled using commercial simulation software programs which enable us to de-
sign, simulate, tune and optimize structure’s physical parameters to reach the best
design before fabricating prototypes. Currently, there are several numerical tech-
niques those can be used to solve the EM problems, such as the Finite Element (FE)
method [107], the Method of Moments (MoM) [108], the Finite Difference Time Do-
main (FDTD) [109] and the Finite Integration Technique (FIT) [110] etc. The first
two methods solve the EM problems in the frequency domain while the other two
methods use the time domain.
A.1.2 Finite Element Method using Ansoft HFSS
The first simulation software program is Ansoft High Frequency Structure Simulator
(HFSS) [111]. Ansoft HFSS is currently considered to be one of the top industry-
standard software programs and a powerful EM field simulation tool for many years.
It is based on a three-dimensional (3D) full-wave finite element (FE) method which
is a frequency-domain numerical technique for solving Maxwell’s equations. Because
of its high accuracy and performance, Ansoft HFSS can be used by engineers in
industry or researchers and scientists in academia to analyze and design different
Figure A.1: Antenna structure in Ansoft HFSS.
Figure A.2: A single mesh shape used in Ansoft HFSS
complex structures for high-frequency applications.
Ansoft HFSS uses the FE numerical technique in order to generate an EM field
solution for different 3D problems. At first, the finite element technique is based on
dividing the whole big problem space into small regions or sub-regions called elements.
Then the fields in each finite element are formulated by local functions. Ansoft HFSS
automatically converts the whole problem structure into a finite element mesh which
consists of a large number of very small 3D tetrahedral shapes as shown in Figure
A.1. Each single tetrahedron is a four-sided pyramid as presented in Figure A.2. It
can be noticed that the meshing or discretization operation done by Ansoft HFSS is
very coarse in almost the whole structure while it is very fine at some regions which
need more accuracy such as near wave port, metallic edges or discontinuities. After
finalizing the mesh operation of the whole structure, the solution process starts with
two-dimensional (2D) port solutions as the structure excitation then followed by the
field solution of the full 3D problem including fields at all verticals, midpoints and
interior points as in Figure A.2. The program exploits the computed 2D fields on
ports to be used as boundary conditions to solve the 3D fields of the whole structure.
During the numerical iterative solution, Ansoft HFSS solves the electric field for
a given problem based on the following matrix equation (for a lossless case) [111]:
[A]x+ [B]K20 = c (A.9)
where [A] and [B] are square matrices and their sizes depend on the geometry of the
problem and the size of the mesh, x is the electric field vector, K0 is wave number in
free space and c is the value of the source or excitation defined for the given problem.
Then the magnetic field solution is calculated from the following relationship with the
electric field:
~H = − 1
jωµ
(∇× ~E) (A.10)
A.1.3 Finite Integration Technique using CST
The other simulation software program is called Computer Simulation Technologies
Microwave Studio (CST MWS) [112]. CST MWS is a tool for fast and accurate
3D EM simulation of high frequency problems. Currently, it is considered to be
industry-standard software programs and a powerful 3D EM field simulation tool.
CSTMWS is based on the Finite Integration Technique (FIT) [113] which is equivalent
to FDTD. Unlike the FE method, FIT is a time-domain numerical technique for
Figure A.3: Antenna structure in CST MW studio
Figure A.4: A single (a) hexahedral, (b) tetrahedral and (c) surface mesh element
used in CST MW Studio.
solving Maxwell’s equations. Using the function of parametric study in both Ansoft
HFSS and CST MWS simulation programs, we can tune and optimize the structure
physical parameters to obtain the best design before going to the fabrication process.
CST MWS has different kind of solvers not only a transient solver but also a frequency
domain solver, an Eigen mode solver and an integral equation solver.
In a transient or time-domain solver, the value of the vector electric ~E or magnetic
~H field quantities are computed through time at discrete spatial locations and at
discrete time samples. The maximum time step ∆t used in the simulation program
depends on the minimum mesh step size which can be determined by the density of
the mesh used in the meshing process of the whole structure. Therefore the program
takes more time to run simulation if the mesh is dense. Once the spatial mesh or
discretization is performed by the CST program, the finite integration method is
employed. CST has two different mesh types available, i.e. hexahedral and tetrahedral
meshes. Another type of mesh used by the Integral Equation (IE) solver is called
surface mesh. Figure A.3 shows an antenna structure in CST Figure A.4 shows a
single hexahedral, tetrahedral and surface mesh element used in CST program. For
complex structures, CST uses a hexahedral mesh in meshing or discretization because
it is considered to be very robust. Other solvers use a tetrahedral or surface mesh
method. .
The finite integration technique converts the well-known Maxwell equations in
their integral form into set of discrete matrix equations called Maxwell grid equations
(MGE) as follows [113]:
Integral form ⇒ Matrix form
{
~D.d ~A =
y
v
ρvd~V =⇒ [S˜] = q (A.11)
{
~B.d ~A = 0 =⇒ [S]b = 0 (A.12)
∮
~E.d~l = −
y
A
∂ ~B
∂t
d ~A =⇒ [C]e = − d
dt
b (A.13)
∮
~H.d~l = −
x
A
[
∂ ~A
∂t
+ J
]
d ~A =⇒ [C˜]h = − d
dt
d+ j (A.14)
where [C˜],[C],[S] and [S˜] are square matrices represent the discrete curl and divergence
operators, respectively and their sizes depend on the problem geometry. ‘e’ and ‘h’
represent the electric and magnetic grid voltages and they are related to the electric
and magnetic fields according to e =
∫
∂A
~E.d~l and h =
∫
∂C˜
~H.d~l, d and b are the electric
and magnetic facet flux vectors over the mesh cell.
A.1.4 Antenna Fabrication
The accuracy of the antenna dimension is very critical in microwave frequencies.
Therefore photolithographic technique is used to fabricate the antenna geometry.
Photo-lithography is the process of transferring geometrical shapes from a photo-
mask to as surface. The various steps involved in the photolithographic technique are
illustrated in Figure A.5
Figure A.5: Various steps involved in the fabrication process
The CAD drawing of the antenna is printed on a high quality butter paper with
a high resolution laser printer. The copper clad of suitable dimension is cleaned with
a suitable chemical like acetone to remove any chemical impurities. A thin layer of
photo resist material is the applied over the copper clad using a high speed spinner.
The antenna mask is carefully aligned over the photo resist coated clad and exposed to
Ultraviolet (UV). An extreme care must be taken to ensure that no dust or impurities
are present in between the mask and copper clad. The layer of photo resist material
in the exposed portions hardens, while the unexposed region remains the same and it
can be removed by carefully rinsing with a suitable developer solution. The unwanted
copper over the copper clad can be removed by processing the copper clad in a ferric
chloride (FeCl3) solution. The laminate is the cleaned to remove the hardened photo
resist using acetone solution.
A.1.5 Input Reflection Coefficient and VSWR
The reflection coefficient (Γ) at the antenna input is the ratio of the reflected voltage
(current) to the incident voltage (current) and is same as the S11, when the antenna
is connected at the port 1 of the network analyzer. It is a measure of the impedance
mismatch between the antenna and the source line. The degree of mismatch is usu-
ally described in terms of input VSWR or the reflection coefficient. The Reflection
coefficient (RC) is the ratio of the reflected power to the incident power, expressed in
dB as
RC = −20log(Γ) = −20log(|S11|) (A.15)
The voltage standing wave ratio (VSWR) is the ratio of the voltage maximum to
minimum of the standing wave existing on the antenna input terminals. A well-
matched condition will have return loss of 15dB or more. A VSWR equal to 2 gives
a return loss of ≈ 10dB and it is set as the reasonable limits for a matched antenna.
The antenna input impedance is a complex quantity with a real and imaginary
part, namely the antenna resistance and antenna reactance respectively. It is again
a measure of the efficiency with which the antennas act as a transducer between the
source and the propagating medium. The AUT is connected at the calibrated ports
of the analyzer and reflection mode is selected from the parameter menu. The input
reflection coefficient, VSWR and input impedance are characterized using a single port
calibration. The display is then set to give the |S11|dB as a function of frequency. The
return loss curve indicates good impedance matching at some frequencies (dips on the
reflection coefficient curve) and they are regarded as the resonances of the antenna.
The bandwidths are measured between the 2:1 VSWR or |S11|dB ≤ −10dB points
of the plot. Similarly, VSWR, antenna impedance can as well be plotted against
frequency by changing the output format.
A.1.6 Anechoic Chamber
The measurement setup in an anechoic chamber is shown in Figure A.6. The anechoic
chamber provides a quite zone and used to measure the antenna characteristics ac-
curately. All the antenna characterizations are done in an anechoic chamber to avoid
reflections from nearby objects. The absorbers fixed on the walls are highly loss at
microwave frequencies. They have tapered shapes to achieve good impedance match-
ing for the microwave power impinges upon it. The chamber is made free from the
surrounding EM interferences by covering all the walls and the roof with aluminum
sheet.
A.1.7 Radiation Pattern Measurement
The radiation pattern of an antenna is graphical representation of its radiation prop-
erties as a function of the space coordinates. This assumes a three dimensional (3-D)
pattern. Because of the limits set by the practical measurement setup for measur-
ing the 3-D pattern, usually patterns are measured in the three principal coordinate
planes (XY, YZ, and XZ) for antennas with omni-directional patterns. The far field
patterns are measured at a distance d > 2D2/λ, where ‘D’ is the largest dimension
of the antenna and the smallest operating wavelength. As shown in Figure A.6, the
AUT is connected to Port 1 and the standard ridged horn is connected to Port 2.
The height and polarization of both antennas are aligned for maximum transmission
Figure A.6: Antenna measurement setup
(|S21|) between them. The desired frequency points are selected for measurements. A
through calibration is performed in this position which calibrates the (|S21|) data to
0dB for every frequency point selected. In order to avoid any spurious reflections from
the nearby objects, the time domain gating facility of the analyzer is implemented.
The gate span is selected according to the largest dimension of the radiator. The
antenna positioned is now set to home which sets the current position as 00. The
radiation pattern measurement software, ‘cremasoft’ developed in-house, controls the
automated radiation pattern measurement process. The software is next evoked and
the normalized |S21| is measured. The number of frequency points is set according to
convenience. The start angle, stop angle and step angle of the motor is also configured
in ‘cremasoft’ which then stores the measurements as a text file.
A.1.8 Antenna Gain Measurement
Gain transfer method is employed to measure the gain of the antenna. The experi-
mental setup for determining the gain is similar to the radiation pattern measurement
setup. The gain of the AUT is measured relative to the power levels detected by a
standard gain antenna. In order to measure the gain of AUT, the standard gain
antenna is mounted on the turntable and a thorough calibration is performed at bore-
sight direction. The AUT is carefully mounted over the turntable and extreme care is
taken for the exact alignment. The relative power level is obtained from the analyzer
and this provides the gain with respect to the standard antenna. The gain of the
standard antenna is added to the relative gain to obtain the gain of the AUT. The
gain measurement method basically based on Friis transmission formula as given by
equation A.16 [5]
(Gt +Gr)dB = 20 log10
(
4πR
λ
)
+ 10 log10
(
Pr
Pt
)
(A.16)
where,
(Gt)dB= gain of the transmitting antenna (dB)
(Gr)dB= gain of the receiving antenna (dB)
Pr= received power (W)
Pt= transmitted power (W)
R= antenna separation (m)
λ= operating wavelength (m)
If transmitting and receiving antennas are identical ((Gt)dB=(Gr)dB). So, the equa-
tion can be written as
(Gt +Gr)dB = (Gr)dB = 20 log10
(
4πR
λ
)
+ 10 log10
(
Pr
Pt
)
(A.17)
By measuring R, λ and Pr/Pt, the gain of the antenna cab be calculated using the
equation A.17.
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